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INTRODUCTION 

1   Staphylococci 
 

Staphylococcus is a genus, including fourty-five species and twenty-four sub-species, of 

the bacterial family of Staphylococcaceae. The genus name Staphylococcus refers to the 

fact that these gram-positive cocci grow in a pattern resembling a cluster of grapes (Fig. 1); 

however they may also appear as single cells, pairs or short chains. Most staphylococci are 

0.5 to 1.5 µm in diameter, nonmotile, and able to grow in a variety of conditions: 

aerobically and anaerobically, in the presence of high concentration of salt and at 

temperature ranging from 18°C to 40°C (Murray P.R. et al.,2009). Staphylococci can be 

mainly classified in ‘coagulase-positive’ and ‘coagulase-negative’ strains depending on 

their ability to produce coagulase, an enzyme that interacts with prothrombin in the blood, 

causing plasma to coagulate by converting fibrinogen into fibrin. Staphylococcus aureus, 

the microorganism that will be considered in this thesis, is the major representative of 

‘coagulase-positive’ staphylococci and, as it is also a ‘catalase-positive’ microorganism, 

the catalase test can be used to distinguish it from other bacteria such as Enterococci and 

Streptococci. The main representative of coagulase-negative microorganisms is S. 

epidermidis, a commensal bacterium of the skin that is the causative agent of severe 

nosocomial infections, especially in immune-suppressed patients and in those having 

central venous catheters (Todar K., 2008). These bacteria are present on the skin and 

mucous membranes of humans. The majority of the staphylococcal species is harmless 

while other are important pathogens in humans, causing a wide spectrum of life-

threatening systemic diseases, including infection of the skin, soft tissues, bones, urinary 

tract and opportunistic infections through either toxin production or penetration into non-

professional phagocytic cells (Murray P.Ret al., 2009; Madigan M.T., & Martinko J., 

2006; Ogawa S.K.et al., 1985). 

It is conceivable that a staphylococcal cell could escape phagocytosis by professional 

phagocytes, gain an environment rich in nutrients and be protected from certain antibiotics. 

Consequently these organisms have the ability to induce long-lasting chronic infections 

that resist convetional therapy (Sinha B.et al., 1999). 
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Figure 1. Scanning electron microscope image of Staphylococcus aureus. Magnification 20000:1.  
(Oeggerli M., 2012). 

 

1.1 Staphylococcal pathogenesis 
 
The pathology of staphylococcal infections depends on the ability of the bacteria to evade 

phagocytosis, to produce surface proteins that mediate adherence of the bacteria to host 

tissues and to cause tissue destruction through  the elaboration of specific toxins and 

hydrolytic enzymes (Murray P.R. et al., 2009).  

1.2 Staphylococcus aureus 
 

Staphylococcus aureus is a commensal bacterium that can cause both superficial and 

invasive, potentially life-threatening infections such as sepsis, endocarditis and pneumonia. 

It is a facultative anaerobic, non-motile, Gram-positive coccus. It is very tolerant to high 

concentrations of sodium chloride (up to 1.7 M) and can grow at a temperature range of 

15°C to 45°C (Ryan K.J.& Ray C.G., 2004). S. aureus colonies can have a yellow or a gold 

color because of the presence of staphyloxanthin, an orange-red triterpenoid carotenoid 

that functions as virulence factor and also as antioxidant, protecting bacteria against 

oxidative stress and the host immune response (Clauditz A. et al., 2006; Liu G.Y. et al., 

2005). Under the microscope the cells appear round and form grape-like clusters (Fig. 2) 

(Ryan K.J. & Ray C.G., 2004; Todar K., 2008).  
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Figure 2. Staphylococcus aureus.  Gram stain (Y tambe., 2005); Tryptic Soy Agar (TSA) plate, colonies 
appear golden-yellow (Kaiser G.E., 2002) 

 

1.3 Staphylococcus aureus genome 
 

The Staphylococcus genome is composed of a complex mixture of genes, many of which 

seem to have been acquired by lateral gene transfer. Among the 3 mechanisms for 

horizontal gene transfer in bacteria, bacteriophage transduction appears to be the main 

method for gene transfer in S aureus. Staphylococcus genome typically contains 

housekeeping genes involved in essential functions of the vegetative life of the bacteria, 

such as DNA replication, protein synthesis, and carbohydrate metabolism; and accessory 

genes encoding a diverse range of nonessential functions ranging from virulence, drug and 

metal resistance, to substrate utilization and miscellaneous metabolism. Most of the 

antibiotic resistance genes are carried either by plasmids or by mobile genetic elements 

including a unique resistance island. Three classes of new pathogenicity islands have been 

identified in the genome: a toxic shock-syndrome toxin island family, exotoxin islands, and 

enterotoxin islands. In the latter two pathogenicity islands, clusters of exotoxin and 

enterotoxin genes were found closely linked with other gene clusters encoding putative 

pathogenic factors. The remarkable ability of S. aureus to acquire useful genes from 

various organisms was revealed through the observation of genome complexity and 

evidence of lateral gene transfer. Repeated duplication of genes encoding superantigens 

explains why S. aureus is capable of infecting humans of diverse genetic backgrounds, 

eliciting severe immune reactions (Kuroda M.et al., 2001). 
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1.4 Structure and morphology 
 
S. aureus is characterized by an optional polysaccharide capsule, a cell wall and the plasma 

membrane. Peptidoglycan is the basic component of the cell wall, and makes up 50% of 

the cell wall mass (Waldvogel F.A.et al., 1990). Peptidoglycan is a large polymer that is 

made up of glycan strands of two alternating sugar derivatives that form a disaccharide 

subunit: N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM).The carboxyl 

group of NAM is linked to a peptide subunit (or stem peptide) consisting of four 

alternating L- and D- aminoacids. S. aureus is characterized by an L-lysine in position 3 of 

the stem peptide that is cross-linked via a pentaglycine interpeptide bridge. These multiple 

glycine residues in the cross bridge cause susceptibility to lysostaphin (Projan S.J.& 

Novick R.P. 1997).  

Peptidoglycan is integral in the formation of the tight multi-layered cell wall network 

(figure 3), capable of withstanding the high internal osmotic pressure of staphylococci 

(Wilkinson B.J. & Holmes K.M., 1979). Peptidoglycan moreover plays a role in the 

inflammatory response by stimulating the production of proinflammatory cytokines and 

chemokines (TNF-α, IL-1β, IL-6, and IL-8) in monocytes and macrophages (Heumann D. 

et al., 1994; Mattsson E. et al., 1993; Timmermann C.P.et al., 1993; Wakabayashi G. et 

al., 1991).  

Another cell wall constituent is a group of phosphate-containing polymers called teichoic 

acids (TA), which contribute about 40% of cell wall mass (Knox K.W. & Wicken A.J., 

1973). Several crucial roles in S. aureus fitness and cell wall maintenance have been 

assigned to complex TApolymers, which are either covalently linked to peptidoglycan 

(wall teichoic acids, WTA) or to the cytoplasmic membrane (lipoteichoic acids, LTA) (Fig. 

3). Both WTA and LTA are highly charged polymers that concentrate cations at the cell 

wall surface and associate with proteins to form complexes: they are involved in various 

biological activities such as cation balance, cell division and regulation of peptidoglycan 

autolysis (Ruhland G.J. & Fiedler F., 1990). Although crucial for bacterial life, purified 

WTA is not very inflammatory, but recent studies have shown that it plays a role in host 

tissue adhesion (Majcherczyk P.A.et al., 2003). Furthermore, many studies show that LTA 

may induce an inflammatory response (Cleaveland M.G. et al., 1996; Kengatharan K.M.et 
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al., 1998; von Aulock S.et. al., 2003) and, acting in synergy with peptidoglycan, can cause 

septic shock and multiple organ failure (De Kimpe S.J. et al.,  1995). 

 

 

Figure3. Staphylococcus aureus cell wall components and organization. (Madigan M.T. & Martinko J.M., 
Brock Biology of Microorganisms, 11th edition, 2006). 

 
 

1.5 S. aureus pathogenesis 
 
Stahylococcus aureus often colonizes host tissues asymptomatically and lives as a 

commensal of the human nose. It is well known that 20% of healthy subjects are 

persistently colonized and 60% are intermittent carriers, whereas 20% never carry S. 

aureus, (Kluytmans J. et al., 1997). Nevertheless, S. aureus is one of the most important 

bacterial pathogens to affect humans both in community–acquired and nosocomial 

infections and other animal organisms (Todar K., 2008). If mucosal barriers are breached 

or host immunological defences are impaired, S. aureus can cause morbidity and mortality 

in humans and other animals. S. aureus can cause a broad spectrum of diseases such as 

arthritis, pneumonia (Fluit A.C. et al., 2001) mastitis, phlebitis, meningitis (Aguilar J. et 

al., 2010), urinary tract infections (Fluit A.C. et al., 2001) and also deep seated infections, 

such as osteomyelitis (Corrah T.W.et al., 2011) endocarditis (Moreillon P. & Que Y.A. 

2004), food poisoning by releasing enterotoxin into food and toxic shock syndrome by 

releasing superantigens into the blood stream. Furthermore staphylococcal infection 
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induces an influx of neutrophils, so S. aureus is a pyogenic pathogen capable of tissue 

invasion and evasion of phagocytosis by neutrophils (Todar K., 2008). 

Moreover although S. aureus is not considered an intracellular pathogen, its ability to 

invade, colonize, and survive inside nonprofessional phagocytic cells (epithelial cells, 

fibroblasts, osteoblasts and endothelial cells) (Kintarak S. et al., 2004; Jevon M. et al., 

1999; Hamill R.J. et al., 1986; Tompkins D.C.et al., 1992) gives rise to long-lasting 

chronic infections that resist conventional therapy, because after internalization S. aureus 

may escape host defences and antibacterial agents, or multiply and further disseminate. 

This behaviour may or may not trigger the secretion of toxins and hemolysins that lyse 

host cells and allow the bacteria to propagate (Moreillon P. & Que A.Y., 2004; Novick R.P. 

et al., 1993; Wu S. et al., 1996). 

Infective endocarditis is a good model to study S. aureus pathogenesis. It implicates step 

wise valve colonization by circulating bacteria, local settling and invasion, and the 

eventual dissemination to distant organs (Moreillon P.&Que A.Y., 2004). 

1.6 Virulence factors 
 

S. aureus pathogenicity is even due to the repertoir of toxins, exoenzymes and proteins that 

it produces (Todar K., 2008). They are shown in figure 4, while their function is explained 

in table 1. 

 
Figure4. Selected Staphylococcus aureus virulence factors. Abbreviation: Ig, immunoglobulin.  

(Daum R.S. & Spellberg B., 2012) 
 

�



INTRODUCTION 

7 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Structural components 
Capsule Inhibits chemotaxis and phagocytosis; inhibits 

proliferation of mononuclear cells 
Slime layer Facilitates adherence to foreign bodies; inhibits 

Phagocytosis 
Peptidoglycan Provides osmotic stability; stimulates production 

of endogenous pyrogen (endotoxin-like 
activity); leukocyte chemoattractant (abscess 
formation); inhibits phagocytosis 

Teichoic acid Binds to fibronectin 

Protein A Inhibits antibody-mediated clearance by binding 
IgG1, IgG2 and IgG4Fc receptors; leukocyte 
chemoattractant; anticomplementary 

Toxins 
Cytotoxins Toxic for many cells, including erythrocytes, 

fibroblasts, leukocytes, macrophages, and 
platelets 

Exfoliative toxins 

(ETA, ETB) 

Serine proteases that split the intracellular 
bridges in the stratum granulosum epidermis 

Eterotoxins (A- R) Superantigens (stimulate proliferation of T cells 
and release of cytokines); stimulate release of 
inflammatory mediators in mast cells, 
increasing intestinal peristalsis and fluid loss, 
as well as nausea and vomiting 

Toxic shock 

syndrome toxin-1 

Superantigen (stimulates proliferation of T cells 
and release of cytokines); produces leakage or 
cellular destruction of endothelial cells 

Enzymes 
Coagulase Converts fibrinogen to fibrin 

Hyaluronidase Hydrolyzes hyaluronic acids in connective 
tissue, promoting the spread of staphylococci 
in tissue 

Fibrinolysin Dissolves fibrin clots 

Lipases Hydrolyzes lipids 

Nucleases Hydrolyzes DNA 

Table1. S. aureus virulence factors (Murray P.R. et al., 2009). 
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With the exception of diseases caused by specific toxins such as entero-toxin, exfoliative 

or toxic shock syndrome toxins, no single virulence factor has been shown to be sufficient 

to provoke a staphylococcal infection. Infection is promoted rather by the coordinated 

action of various virulence factors, which include Cell Wall Anchored (CWA) and/or 

secreted proteins. Indeed, both localized infections and life-threatening systemic diseases 

result from the ability of this pathogen to (1) attach to cells or tissues, (2) escape the host 

immune system (producing factors that decrease phagocytosis or interact with anti 

staphylococcal antibodies); and (3) produce elaborate proteases, exotoxins and enzymes 

that specifically cause tissue damage allowing bacterial dissemination (Projan S.J. & 

Novick R.P., 1997).  

In S. aureus, as well as in many other organisms, the expression of the genes that encode 

for these virulence factors is controlled by several regulatory systems such as Agr, SarA 

and Arl (Cheung A.L. et al., 1992): they respond to changes in bacterial surroundings 

during the infection process (quorum-sensing) and adapt the expression of the virulence 

genes to the benefit of bacteria. The accessory gene regulator (agr) is one of the best-

characterized global regulatory systems involved in the regulation of virulence factor 

genes: it increases the expression of exoprotein genes and decreases the expression of 

CWA protein genes (Morefeldt E. et al., 1988; Peng H.L. et al., 1988). Several serious 

nosocomial diseases are caused by biofilm-associated S. aureus infections, in which the 

agr quorum-sensing system is thought to play an important role (Shirtliff M.E. et al., 

2002). 

Biofilm is a sessile community of cells that is embedded in an extracellular polymeric 

matrix (Stewart P.S. & Costerton J.W., 2001; Cucarella C. et al., 2001; O’Neill E. et al., 

2008) that confers resistance to conventional therapeutic doses of antimicrobial agents 

(Stewart P.S. & Costerton J.W., 2001; Donlan R.M. & Costerton J.W., 2002) and to 

clearance by host response (Vuong C.et al., 2004) and increases the opportunity for transfer 

of resistance genes between bacteria, enhancing the conversion of a previously a virulent 

commensal organism into a highly virulent pathogen. Biofilm infections are important 

clinically because bacteria in biofilms exhibit recalcitrance to antimicrobial compounds 

and persistence in spite of sustained host defenses. The development of a bacterial biofilm 

is a complex, multifactorial process and can be divided into three phases which involve 

specific molecular factors: attachment, accumulation/maturation, and detachment/dispersal 
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(Speziale P. et al., 2014). Many staphylococcal biofilms include, as an essential 

constituent, the Polysaccharide Intercellular Adhesins (PIAs) (Mack D. et al., 1996), as 

well as proteins (Cucarella C. et al., 2001; O’Neill E. et al., 2008), teichoic acids (Gross 

M. et al., 2001) and extracellular DNA (Qin Z. et al., 2007). Staphylococci may develop 

biofilm on indwelling central venous catheters and on permanently implanted medical 

devices such as artificial heart valves, leading to a condition known as prosthetic valves 

endocarditis (Karchmer A.W.et al., 1994). As a consequence, these infections must often 

be resolved by removal of the contaminated devices, and thus represent a major cost 

burden on healthcare. Therefore growth as a biofilm makes the eradication of 

Staphylococcus infections very difficult, leading to a permanent disease status. 
 

1.7 Emergence of methicilin/vancomycin-resistant 
Staphylococcus aureus 

 
Staphylococcus aureus is the leading cause of bacterial infections in developed countries 

and produces a wide spectrum of diseases, ranging from minor skin infections to fatal 

necrotizing pneumonia. Although S. aureus infections were historically treatable with 

common antibiotics, emergence of drug-resistant organisms is now a major concern 

(DeLeo F.R.& Chambers H.F., 2009). Methicillin-resistant Staphylococcus aureus 

(MRSA) infections have become a major public health problem in both the community and 

hospitals (Liu C. et al., 2008). 

These community-associated strains (CA-MRSA community-associated methicillin 

resistant S. aureus) combine exceptional virulence with antibacterial resistance and pose a 

severe threat to the public health system, second only to HIV/AIDS in scope and 

importance (DeLeo F.R.& Chambers H.F, 2009). In many infections with highly resistant 

strains, vancomycin is the only antibiotic of last resort. However, high-level resistance to 

vancomycin has been reported in several cases for S. aureus (Hiramatsu K., 2001). 

Significant advances have been made in recent years in our understanding of how 

methicillin resistance is acquired by Staphylococcus aureus. The mechanism of methicillin 

resistance was not elucidated until 1981, when Hartman and co-workers (Hartman B. et al, 

1981) discovered altered penicillin-binding proteins (PBP2') in MRSA that had markedly 

reduced affinity for all currently available beta-lactam antibiotics while maintaining 

effective cell wall-building activity. PBP2' is encoded by the mecA gene which is carried 

on a mobile DNA element, the staphylococcal cassette chromosome mec (SCCmec). The 
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other important component of SCCmec, the chromosome cassette recombinase (ccr) genes, 

encodes for proteins that enable precise integration into and excision from a specific site of 

the S. aureus chromosome (attBscc) (Wijaya L. et al, 2006). 

Integration of a staphylococcal cassette chromosome mec (SCCmec) element into the 

chromosome converts drug-sensitive S. aureus into the notorious hospital pathogen 

methicilin-resistant S. aureus, which is resistant to practically all beta-lactam antibiotics. 

SCCmec is a novel class of mobile genetic element that is composed of the mec gene 

complex encoding methicillin resistance and the ccr gene complex that encodes 

recombinases responsible for its mobility. These elements also carry various resistance 

genes for non-beta-lactam antibiotics. After acquiring an SCCmec element, MRSA 

undergoes several mutational events and evolves into the most difficult-to-treat pathogen 

in hospitals, against which all extant antibiotics including vancomycin are ineffective 

(Hiramatsu K., 2001). 

 

A major class of proteins responsible for the survival of the microorganism in the host, is 

the one of surface proteins that mediate adherence of S. aureus during initiation of tissue 

colonization: the CWA proteins, or adhesins, and the main family that represents them is 

the one of MSCRAMMs (Microbial Surface Components Recognizing Adhesive Matrix 

Molecules). 

1.8 Cell Wall-Anchored proteins 
 
S. aureus can express a broad  range of virulence factors, including surface proteins that 

are covalently attached to peptidoglycan, which are known as Cell Wall Anchored proteins 

(CWA). These surface proteins are crucial to the success of the organism as commensal 

bacterium and as a pathogen. This is due to the fact that they are involved in several 

function like adhesion to and invasion of the host cells, iron acquisition, evasion of the 

immune response, and biofilm formation (Fig. 5) (Foster T.J. et al., 2014). The precise 

repertoire of CWA proteins on the surface varies among strains: S. aureus can express up 

to 24 different CWA proteins, whereas coagulase-negative staphylococci such as 

Staphylococcus epidermidis and Staphylococcus lugdunensis express a smaller number 

(Heilbronner S. et al., 2011; Bowden M.G. et al., 2005). Moreover, the expression of CWA 

proteins can be altered by growth conditions; for example, some proteins are expressed 

only under iron-limited conditions (Hammer N.D. & Skaar E.P, 2011; Mazmanian S.K. et 
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al., 2003), whereas others are found predominantly on cells in the exponential (McAleese 

F.M. et al., 2001) or stationary phases of growth (Bischoff M. et al., 2004). Secretory 

signal sequences that are located at the amino termini direct the translated proteins to the 

secretory (Sec) apparatus in the membrane and are cleaved during secretion. At their 

carboxyl termini, each of these proteins has a characteristic sorting signal, which facilitates 

their covalent anchorage to peptidoglycan. 

 

Many CWA proteins of S. aureus have evolved to have multiple roles. Moreover, these 

proteins show functional redundancy; for example, at least five CWA proteins bind the 

plasma glycoprotein fibrinogen and several promote adhesion to squamous epithelial cells. 

One consequence of this redundancy is that a null mutant that affects one CWA protein 

might only be partially defective in the studied function (Foster T.J et al., 2014). 
 

CWA proteins can be classified into four groups on the basis of the presence of motifs that 

have been defined by structure–function analysis. The most prevalent group is the 

Microbial Surface Component Recognizing Adhesive Matrix Molecule (MSCRAMM) 

family, which is defined by tandemly linked IgG-like fold domains. The other groups 

comprise: NEAT (NEAr Iron transporter) motif family, proteins involved in the capture of 

haem from haemoglobin to survive in iron-deficient environments, as the case of Iron-

regulated Surface Determinant (Isd) proteins; Protein A, which is characterized by tandem 

repeated three-helical bundles; G5-E repeat protein (SasG) containing G5 (five conserved 

glycine) domains in tandem array that is separated by 50-residues sequences that are 

known as E-region (Conrady D.G.et al., 2013; Gruszka D.T. et al., 2012). 
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Figure 5. Key functions of CWA proteins in S. aureus. (1) The cell wall-anchored (CWA) protein iron-
regulated surface determinant (Isd) binds haemoglobin and extracts and transports haem across the cell wall 
and membrane into the cytoplasm, where iron is released. (2) Protein A acts as a superantigen for B 
lymphocytes and disrupts adaptive immune responses and immunological memory. (3) Phagocytosis by 
neutrophils is inhibited by the binding of CWA proteins to IgG and other plasma proteins, by reducing the 
level of — or the access by — neutrophil receptors to the complement opsonin C3b and, if engulfed, by 
inhibiting the oxidative burst. (4) CWA proteins promote adhesion of Staphylococcus aureus to the 
extracellular matrix, to the surface of host cells and to biomaterial surfaces that are conditioned by the 
deposition of plasma proteins. (5) Interactions between CWA proteins on adjacent cells contribute to the 
accumulation phase of biofilm formation. (6) CWA proteins directly or indirectly interact with integrins and 
promote the invasion of non-phagocytic host cells. Intracellular bacteria can cause host cell apoptosis or 
necrosis, or they can enter a non-disruptive semi-dormant state known as small colony variants. (7) By 
binding to and activating tumour necrosis factor receptor 1 (TNFR1) on host epithelial cells, protein A 
triggers the synthesis of cytokines (for example, interleukin-6 (IL-6)) and causes disruptive inflammation, 
which contributes to pathogenesis. NF-κB, nuclear factor-κB (Foster T.J. et al., 2014). 

 

1.8.1 NEAT motif family 
 

Near iron transporter (NEAT) motif proteins are involved in haem capture from 

haemoglobin and help bacteria to survive in the host, where iron is restricted. Haem is 

transported via several CWA proteins, called iron-regulated surface (Isd) proteins, to a 

membrane transporter and then to the cytoplasm, where haemoxygenases release free 

iron(Hammer N.D.& Skaar E.P., 2011; Cassat J.E.& Skaar E.P., 2012).The defining char-

acteristic of Isd CWA proteins is the presence of one or more NEAT motifs, which bind 

either haemoglobin or haem (Fig. 6). 
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Figure6. NEAT motif family (Foster T.J.  et al., 2014) 

 

1.8.2 The G5–E repeat family 
 

S. aureus surface protein G (SasG) is closely related to the accumulation-associated protein 

(Aap), which is needed for biofilm formation in S. epidermidis. Notably, both proteins 

contain identical G5 domains in a tandem array that are separated by 50-residue sequences 

that are known as E regions (Conrady D.G. et al., 2013; Gruszka D.T. et al., 2012). G5 

domains are characterized by five conserved glycine residues, and they adopt a β–triple 

helix–β-like fold that has no known ligand-binding function (Fig.7). In general, proteins 

that comprise highly similar domains in a tandem arrangement are prone to misfolding 

(Borgia M.B. et al., 2011). As the amino acid sequence of each G5 domain is identical, it is 

thought that alternating individually folded G5 and E regions is a mechanism to prevent 

protein misfolding. The G5–E domains of Aap and SasG become exposed on the surface of 

the bacteria either by proteolytic removal of the N-terminalA domain (in the case of Aap) 

(Rohde H. et al., 2005) or by limited cleavage within the G5–E domains (in the case of 

SasG) (Geoghegan J.A. et al., 2010). 

 
 

 

Figure 7. G5–E repeat family (Foster T.J. et al., 2014) 
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1.8.3 Protein A and Sbi: three helical bundle motif 
 

Protein A is a multifunctional CWA protein that is ubiquitous in S. aureus and is often 

used in strain typing on the basis of variation in the DNA sequence-encoding region Xr. At 

the N terminus, protein A contains five homologous modules (known as EABCD; Fig.  

8A), each of which consists of single separately folded three-helical bundles (Deisenhofer 

J., 1981; Cedergren L.  et al.,1993) that can bind to several distinct ligands. 

Protein A is the only CWA protein of S. aureus that has the repeated three-helical bundles; 

however, the S. aureus binder of IgG protein (Sbi), which is non covalently associated with 

lipoteichoic acid in the cell wall (Smith E.J. et al., 2012), contains four three-helical 

bundles, two of which have sequence similarity to protein A (Burman J.D. et al., 2008). 

Sbi protein at C-terminus comprises the proline-rich region Wr and the tyrosine-rich region 

Y that is assumed to be involved in Sbi association with the cell envelope. The first two N-

terminal repeats (D1 and D2) have sequence similarity to the IgG-binding domains of 

protein A. Indeed the predicted structures show that residues on the faces of helices I and II 

of protein A and Sbi are conserved, allowing Sbi to bind to IgG in a similar fashion to the 

archetypal LPXTG-anchored immune evasion protein. Domains D3 and D4 are also 

separately folded and contribute to the elongated structure of the protein (Burman J.D. et 

al., 2008; Upadhyay A. et al., 2008). They bind to complement protein C3. It has been 

argued that binding to and promoting the conversion of C3 to C3b would only be an 

effective immune evasion mechanism if the protein were extracellular (Smith E.J. et al., 

2012) (Fig. 8B). In Fig. 8C is shown the hypothesis formulated by E. J. Smith et al. (Smith 

E.J. et al., 2012), according to which Sbi would be associated to the surface of bacterium 

through a bond with lipoteichoic acid and exposing the N-domain D1D2 terminals that 

interact with the IgG. The extracellular part of Sbi not bind to the wall and is available and 

likely triggers the metabolism of C3 as described by J. D. Burman et al., 2008. The protein, 

according to E. J. Smith et al., is present in extracellular and associated form, both forms 

are needed for full protection from host defense systems. The binding of IgG to D1D2 

domains would be biologically active when Sbi is associated with the cell surface, while 

the D3D4 domains would fold at C3 only in the case the protein is secreted. 
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A 
 

 

B 

 

C 

 
Figure 8.A) Schematic organization of three-helical bundle protein family (Foster T.J. et al., 2014). 
B) Schematic diagrams of Sbi and Spa. The upper figure is Sbi and the lower is Spa. S, signal sequence; 
D1D2, Sbi IgG-binding domains that have sequence similarity to the IgG-binding domains of Spa (E, D, A, 
B, C); D3D4, Sbi complement factor C3-binding domains; Wr and Xr, proline-rich C-terminal domains; Y, 
C-terminal domain; LPXTG, wall-anchoring motif; M, transmembrane domain and positively charged C-
terminus. Spa ligands are indicated. (Smith E.J. et al., 2012) 
C) Proposed model for Sbi cellular localization and surface expression. The diagram shows Sbi binding to 
lipoteichoic acid (LTA) and to a putative second membrane component (X). Only one face of the lipid 
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bilayer is shown. The IgG-binding domains D1D2 are biologically active when Sbi is associated with the cell 
membrane. Whereas D3D4 are biologically active only when secreted. The wall-anchored proteins Spa and 
ClfA are shown for context (Smith E.J. et al., 2012). 

 

1.8.4 The MSCRAMM family 
 

Staphylococcus aureus can express up to twenty-one different surface proteins (Roche 

F.M. et al., 2003), mainly MSCRAMM, which are addressed to discrete locations in the 

bacterial envelope by a mechanism requiring recognition of specific signal peptides and are 

then covalently anchored to the cell wall (DeDent A. et al., 2008). Covalent attachment of 

surface proteins is catalyzed by sortase transpeptidase enzymes, which joins proteins 

bearing a highly conserved Leu-Pro-X-Thr-Gly (LPXTG, where X is any amino acid) 

sorting signal to the peptidoglycan scaffold. The sortase A enzyme of S. aureus, the 

prototypical member of the sortase  enzyme family, cleaves the LPTXG motif between the 

threonin and glycine residues, forming a thioacyl- linked acyl- enzyme intermediate, and 

catalyzes the formation of an amide bond between the carboxyl group of the threonine and 

the amino group of a glycine residue in peptidoglycan cross bridges (Marraffini L.A. et al., 

2006; Maresso A.W. & Schneewind O., 2008). The acronym MSCRAMM was originally 

reported to surface proteins of S. aureus that mediate binding to extracellular matrix 

components (ECM) of the host cell such as fibrinogen, fibronectin and collagen. However, 

many bacterial surface proteins are not MSCRAMMs and also some MSCRAMMs have 

additional functions  other than promoting the adhesion. For this reason it has been 

proposed to use the term MSCRAMM to define a family of proteins on the basis of 

structural similarities and a common mechanism for ligand binding, which is mediated by 

two adjacent subdomains containing IgG-like folds in the N-terminal A region 

(Deivanayagam C.C. et al.,2002). 

The A regions were shown by X-ray structural and biophysical analysis to be composed of 

three separately folded subdomains: N1, N2 and N3. N2 and N3 comprise the IgG-like 

folds (Fig. 9). Other proteins in this family can be modelled with a high degree of certainty 

and are predicted to have A domains with a similar structure and to also bind ligands using 

the DLL (Dock- Lock- Latch) mechanism.  

The major MSCRAMM proteins and their functions are listed in table 2.  

 

  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Marraffini%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=16524923
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MSCRAMMs Ligand binding and mechanism Function 

Clumping factor A 

(ClfA) 

� Fibrinogen J- chain carboxyl 
terminus: DLL 

� Complement factor I 

� Adhesion to immobilized fibrinogen; 
immune evasion by binding soluble 
fibrinogen 

� Immune evasion; degradation of C3b 

Clumping factor B 

(ClfB) 

� Fibrinogen α- chain repeat 5, 
keratin 10 and loricrin; DLL 

 

� Adhesion to desquamated epithelial 
cells; nasal colonization 

Serine-aspartate 

repeat protein C 

(SdrC) 

� Β- neurexin; DLL 
� Desquamated epithelial cells � Unknown 

Serine-aspartate 

repeat protein D 

(SdrD) 
� Desquamated epithelial cells  � Nasal colonization ? 

Serine-aspartate 

repeat protein E 

(SdrE) 
� Complement factor H � Immune evasion; degradation of C3b 

Bone sialoprotein- 

binding protein  

(isoform of SdrE) 
� Fibrinogen α- cahin; DLL � Adhesion to ECM 

Fibronectin-binding 

proteins A 

(FnBPA) 

 

� FnBPA A domain binds the C 
terminus of fibrinogen J- chain and 
elastin; DLL 

� Fibronectin  

� Adhesion to ECM 
 

Fibronectin- binding 

proteins B 

(FnBPB) 

 

� FnBPB A domain binds  the C 
terminus of fibrinogen J- chain, 
elastin and also fibronectin but not 
by DLL  

� FnBPB C terminal repeats binds 
fibronectin; β- zinc finger 

� Adhesion to ECM; invasion  

Collagen adhesin 
� Collagen triple helix; collagen hug 
� Complement protein C1q 
 

� Adhesion to collagen-rich tissue 
� Prevention of classical pathway of 

complement activation 

Table2. The main Staphylococcal MSCRAMM proteins, their ligand, binding mechanism and function  
(Foster T.J. et al., 2014). 
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Figure 9. Schematic structure of MSCRAMMs. The N-terminal A region contains three separately folded 
domains known as N1, N2 and N3 subdomains. The clumping factor (Clf)-serine-aspartate repeat (Sdr) group 
comprises proteins that are closely related to ClfA. ClfA and ClfB have similar domain organization, whereas 
SdrC, SdrD and SdrE of S. aureus and SdrF of S.epidermidis contains additional BSDR repeats that are 
located between the A domain e the serine-aspartate repeat R region. Fibronectin binding protein A and B 
(FnBPA and FnBPB) have A domains that are structurally and functionally similar to the A domain of Clf-
Sdr group. Located in place of the serine-aspartate repeat region there are tandemly repeated fibronectin-
binding domains (11 in FnBPA, 10 in FnBPB). The A region of collagen adhesin (Cna) protein is organized 
differently to other MSCRAMMS, with N1 and N2 comprising IgGlike folds that binds ligands using the 
“collagen hug” mechanism. The A region is linked to the wall spanning and anchorage domains by variable 
numbers of BCNA repeats (Foster T.J. et al., 2014). 
 

1.8.4.1 Fibronectin binding protein family 
 

The fibronectin-binding proteins (FnBPs) A and B of S. aureus are multifunctional 

MSCRAMMs which recognize fibronectin (Fn), fibrinogen (FBG) and elastin (El) 

(Jonsson K, et al. 1991, Roche FM et al. 2004, Signas C. et al. 1989, Wann E.R. et 

al.2000). FnBPA and FnBPB have considerable organizational and sequence similarity and 

are composed of a number of distinct domains as show in figure 10. Both proteins contain 

a secretory signal sequence at the N-terminus and a C-terminal LPETG motif required for 

N C 
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sortase-mediated anchoring to cell wall peptidoglycan. The N-terminal A domains of 

FnBPA and FnBPB are exposed on the cell surface and promote binding to FBG and El 

(Wann E.R. et al.2000, Keane FM et al. 2007). On the basis of their sequence similarity to 

the FBG-binding A domain of clumping factor A (ClfA) (McDevitt D.et al. 1995), both 

FnBP A domains are predicted to fold into three subdomains: N1, N2 and N3. 

(Deivanayagam CC et al. 2002).Seven isotypes of FnBPA and FnBPB have been identified 

on the basis of sequence variation in the N2 and N3 subdomains. Each recombinant isotype 

retains ligand-binding function, but is antigenically distinct (Loughman A.et al. 2008, Buke 

F.M. et al., 2011). 

 

 

 

 

Figure10. Structural organization of fibronectin-binding proteins FnBPA and FnBPB 
from Staphylococcus aureus. The N-terminus of FnBPA and FnBPB contain a signal sequence (S) followed 
by a fibrinogen and elastin binding A domain consisting of subdomains N1, N2 and N3. Following the A 
domains there are tandemly repeated fibronectin-binding motifs. The A domains as they were originally 
defined contain a single fibronectin-binding motif. The true A domains of FnBPA and FnBPB are now 
considered to include residues 37- 511 and residues 37-480, respectively. At the C-termini are proline-rich 
repeats (PRR), wall (W) and membrane (M)-spanning domains, and the sortase recognition motif LPETG. 
The percentage amino acid identities between the binding domains of FnBPA and FnBPB from S. aureus are 
shown (Burke F.M. et al., 2010). 

 

Mutants defective in either of the two genes (fnbA/fnbB) adhered equally well to 

fibronectin-coated surfaces in vitro, while a double mutant was completely unable to 

adhere, indicating that both genes are expressed and contribute to fibronectin binding 

(Greene C.et al., 1995). 

Located distal to the A domains of FnBPs are multiple tandemly arranged Fn-binding 

repeats (FnBRs) which mediate binding to the N-terminal type I modules of Fn by a 

tandem b-zipper mechanism. Presumably, FnBPs are thereby capable of associating with 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Burke%20FM%5BAuthor%5D&cauthor=true&cauthor_uid=21569203
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several Fn molecules at once (Schwarz-Linek  U. et al., 2003 ). The major binding site for 

S. aureus has been localized to the N-terminal fragment of fibronectin, whereas the RDG 

motif, which is important for the binding of integrins such as integrin α5β1, is found on a 

central part of molecule. Furthermore, the FnBP binding site is located at some distance 

from the central integrin binding RGD motif in Fn. Therefore, Fn can form a bridge 

between FnBPs and integrins (Sinha B. et al.,1999 ; Fowler T. et al., 2000 ). Apparently 

through these features, FnBPs are capable of inducing integrin clustering and signaling in 

cells. This leads to invasion of staphylococci via src tyrosine kinase activation and 

reorganization of the actin cytoskeleton (Agerer F. et al., 2003; Fowler T. et al., 2003). 

 

1.8.4.2 MSCRAMM ligand-binding mechanism: dock, lock and latch 
(Foster T.J. et al., 2014) 

 
 

The ligand binding mechanism of MSCRAMMs has been investigated by X-ray structural 

analysis of the proteins with and without bound ligands. Analysis of the crystal structures 

of the minimum ligand-binding subdomains (N2–N3) of ClfA and ClfB from S. aureus, 

and SdrG from S. epidermidis, both in the apo form and in complex with ligand peptides 

(Deivanayagam C.C. et al., 2002; Ponnuraj K.et al., 2003; Ganesh V.K. et al., 2011), 

enabled the definition of a ligand-binding mechanism that is known as ‘Dock, Lock and 

Latch’ (DLL) (Ponnuraj K. et al., 2003). Ligands can dock to the open apo form and 

conformational changes create a closed form, in which the ligands are locked into place. 

The DLL mechanism was originally described for SdrG of S. epidermidis. The N2 and N3 

subdomains of this protein (and of ClfA and ClfB) are folded into a variant of the IgG fold 

(known as DEv-IgG), which is predominantly composed of two β-sheets that contain, in 

total, nine β-strands (Fig. 11). The two subdomains are arranged in a specific orientation, 

which creates a trench between N2 and N3, in which ligands dock. The disordered ligand 

peptide aligns via β-strand complementation with the G' strand in the N3 subdomain. 

Ligand docking results in a redirection of the disordered extension of the N3 subdomain so 

that residues in this extension can interact with the ligand and lock it in place. Further 

propagation of the conformational change enables C-terminal residues of the N3 extension 

to be inserted into a trench in the N2 subdomain via β-strand complementation by forming 

an additional β-strand (known as the G"β-strand) that aligns with the E β-strand in the N2 

subdomain. This ‘latch’ further stabilizes the DEv-IgG–ligand complex. This event does 



INTRODUCTION 

21 
 

not involve direct interaction with the ligand. Ligand–peptide interactions with the G′ β-

strand are mainly backbone–backbone interactions that involve hydrogen bonds. The 

nature of the side-chain interactions in the binding trench depends on the ligand sequence 

and the binding residues in the MSCRAMM; for example, binding of SdrG to fibrinogen 

involves a stretch of hydrophobic residues in the ligand peptide that is complemented by 

hydrophobic pockets in the ‘locked’ binding trench. The precise nature of these 

interactions determines binding specificity. 

 

 
 

 

Figure 11. Mechanisms of ligand binding by MSCRAMM proteins: DLL mechanism. The A region of the 
microbial surface component recognizing adhesive matrix molecule (MSCRAMM) protein in its open apo 
form has a wide trench between the N2 and N3 subdomains (apo serine–aspartate repeat-containing protein 
(SdrG). The ligand peptide (purple) inserts into this trench and the MSCRAMM protein undergoes 
conformational changes to a closed form and locks the ligand in place (SdrG–ligand complex; PDB 
reference: 1R17). In the apo form, the disordered carboxy-terminal extension of the N3 subdomain is not part 
of the crystal structure. After ligand binding, this region forms the lock (blue) and the latch (red), thus 
locking the ligand in place (Foster T.J. et al., 2014). 

 
ClfA and ClfB bind to their peptide ligands using subtle variations of the DLL 

mechanism,(Deivanayagam, C. C. et al 2002, Ganesh V.K et al.2011) in which, unlike the 
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mechanism of SdrG, ligand binding involves parallel (rather than antiparallel) β-sheet com-

plementation. As a result, the orientation of the ligand in the trench is inverted. 

The SdrG and ClfB ligand-binding sequences are flanked by additional residues. As a 

consequence, only the open apo form of the proteins can accept the ligand. By contrast, 

both the closed and open forms of ClfA bind to its ligand. ClfA recognizes the extreme C 

terminus of the γ-chain of fibrinogen, which contains residues that can penetrate the hole 

that is formed by the lock region of the closed form.   

Several MSCRAMMs can bind to two or more ligands; for example, in addition to binding 

to fibrinogen, ClfA also binds to complement factor I (Hair P.S. et al., 2008). However it 

is not clear whether binding to factor I involves DLL. 
FnBPA binds to fibrinogen and elastin by DLL, but structural models of the two ligands in 

complex are not available, therefore a consensus binding motif has not been defined 

(Keane F.M. et al., 2007). 
 

1.8.5 CWA as virulence factors 
 

CWA are involved in a number of different diseases (Table 3). The functional redundancy 

of CWA proteins made difficult to experimentally show that a surface protein can act as a 

virulence factor and to detect a reduction in virulence in a mutant that is defective for a 

single factor. Most strains of S. aureus have two Fibronectin Binding Proteins (FnBPs) and 

up to five proteins that can bind to fibrinogen. To overcome the problem of redundancy 

and to better define the role as virulence factor, a single CWA protein can be expressed 

alone in a surrogate host, such as Lactococcus lactis (Mulcahy M.E. et al., 2012; O’Brien 

L.M. et al., 2002; Que Y.A.et al., 2005) or Staphylococcus carnosus (Sinha B. et al., 2000). 

The first CWA proteins that were experimentally shown to be virulence factors were 

protein A (in mouse sepsis and skin abscess) (Patel A.H. et al., 1987), FnBPA (in 

endocarditis) (Kuypers  J.M. & Proctor R.A., 1989) and Cna (in mouse septic arthritis) 

(Patti J.M. et al., 1994). 
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Role in colonization or 
infection 

CWA proteins Mechanism 

Nasal or skin colonization 

ClfB Adhesion to loricrin or squames 
IsdA Adhesion to squames 
SasX Adhesion to squames 

Endocarditis 

ClfA Adhesion to squames 

FnBPA Adhesion to thrombus: invasion of 
adjacent endothelium 

ClfB Adhesion to thrombus 

Srap Adhesion to platelets: colonization 
of thrombus 

Mastitis FnBPs Invasion of epithelial cells in 
mammary gland 

Pneumonia Protein A Increased inflammation of lung 
epithelium 

Foreign body infection FnBPs Promotion of MRSA biofilm: 
adhesion to intra- aortic patch  

Ocular keratitis Cna Enhanced colonization and 
infection 

Septic death: survival in 

blood 

ClfA, Protein A, 

IsdH, AdsA, SasX Reduced opsonophgocytosis 

Kidney abscess: following 

survival in blood 

ClfA, IsdA, IsdB, 

SdrD, ClfB, IsdC 

(Spa and SasG: 

modest effects) 

Increased survival in the 
bloodstream prior to kidneys 
infection 

Septic arthritis 
ClfA, Protein A Enhanced survival in bloodstream 

prior to invasion of joint 

Cna Enhanced survival in bloodstream: 
adhesion to cartilage within joint 

 

Table 3. Cell wall-anchored proteins as virulence factors (Foster T.J. et al., 2014). 
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2 S. aureus and the complement system 
 

2.1  The complement system 
 

The complement system consists of a tightly regulated network of more than 30 proteins 

that play an important role in host defense and inflammation. Activation of complement, 

by antibodies (classical pathway, CP) by mannan (lectin pathway, LP) or by foreign 

surfaces (alternative pathway, AP), results in opsonization of pathogens and their removal 

by phagocytes, as well as cell lysis (Fig. 12). The classical pathway plays a role in both 

innate and adaptive immunity. The first component of this pathway, C1q, links the 

adaptive humoral immune response to the complement system by binding to antibodies 

complexed with antigens. C1q can, however, also bind directly to the surface of certain 

pathogens and thus trigger complement activation in the absence of antibody. C1q is part 

of the C1 complex, which comprises a single C1q molecule bound to two molecules each 

of the zymogens C1r and C1s. C1q is a calcium-dependent sugar-binding protein, a lectin. 

The MB-lectin pathway uses a protein very similar to C1q to trigger the complement 

cascade. This protein, called the mannan-binding lectin (MBL), is a collectin, like C1q. 

Mannan-binding lectin binds specifically to mannose residues, and to certain other sugars, 

which are accessible and arranged in a pattern that allows binding on many pathogens. On 

vertebrate cells, however, these are covered by other sugar groups, especially sialic acid. 

Thus, mannan-binding lectin is able to initiate complement activation by binding to 

pathogen surfaces. The third pathway of complement activation is called the alternative 

pathway because it was discovered as a second, or ‘alternative,’ pathway for complement 

activation after the classical pathway had been defined. This pathway can proceed on many 

microbial surfaces in the absence of specific antibody, and it leads to the generation of a 

distinct C3 convertase designated C3b,Bb. In contrast to the classical and MB-lectin 

pathways of complement activation, the alternative pathway does not depend on a 

pathogen-binding protein for its initiation; instead it is initiated through the spontaneous 

hydrolysis of C3. The formation of C3 convertases is the point at which the three pathways 

of complement activation converge, because both the classical pathway and MB-lectin 

pathway convertases C4b,2b, and the alternative pathwayconvertaseC3b,Bb have the same 

activity, and they initiate the same subsequent events. They both cleave C3 to C3b and C3a 

(Janeway et al., Immunobiology., 2001). C3a  is anaphylatoxin and C3b is opsonin, C3a 

http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2700/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2918/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2720/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2575/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2650/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2720/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A3045/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2720/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2569/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2569/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2700/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2575/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2653/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2652/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2626/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2720/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2700/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2569/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2569/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2652/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2626/
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attracts and activates granulocytes, whereas C3b attaches covalently to the bacterial 

surface, amplifies complement activation, and thereby labels cells for phagocytosis 

(Walport M.J., 2001; Zipfel P.F. & Skerka C. 2009). Moreover, C3b also binds the C3 

convertase to form a C5 convertase that produces the most important small peptide 

mediator of inflammation, C5a, as well as a large active fragment, C5b, that initiates the 

‘late’ events of complement activation. These comprise a sequence of polymerization 

reactions in which the terminal complement components interact to form a membrane-

attack complex, which creates a pore in the cell membranes of some pathogens that can 

lead to their death. (Dunkelberger J.R. et al., 2010; Janeway et al., Immunobiology, 2001).  

The complement system is one of the innate immune responses that recognizes and targets 

S. aureus as soon as the bacterial infection occurs. 

 

 
 

 

Figure 12. The three different pathways of complement activation: alternative, classical and lectin pathways; 
factors that can inhibit the pathways are indicated in boxes. (Sarma J.V. & Ward P.A., 2011) 

http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2653/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2653/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2656/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A3056/
http://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A3056/
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2.2 Interactions S. aureus/complement system 
 

Staphylococcus aureus expresses two proteins on its surface: Staphylococcal protein A 

(SPA) and staphylococcal immunoglobulin-binding protein (Sbi) that can bind to the Fc 

portion of IgG and thus prevent complement activation and Fc receptor-mediated 

phagocytosis (Zhang L.et al., 1998). Moreover Sbi can block binding of C1q preventing its 

activation and can bind C3 complement component. Similarly, group C and G 

streptococcal bacteria express protein G that can bind the Fc portion of IgG. Furthermore, 

Staphylococcus aureus expresses receptors that bind plasminogen and Staphylokinase 

secreted by Staphylococcus aureus cleaves bound plasminogen to plasmin. Bacterial 

surface bound plasmin can degrade IgG and the opsonin C3b, and thus evade the 

complement system. Further, Staphylococcus aureus secreted staphylococcal complement 

inhibitors (SCINs) inhibit complement activation. These SCINs bind to C3 convertases and 

prevent subsequent steps involved in complement activation and thus prevent opsonization, 

phagocytosis and cell lysis (Rooijakkers S.H. et al., 2005, Rooijakkers S.H.  etal., 2007). 

Moreover  S. aureus can prevent the recruitment of phagocytes inhibiting the interaction 

between C5a and C5aR (C5a Receptor). In fact Chemotaxis inhibitory protein of  

Staphylococcus aureus (CHIPS), an exoprotein produced by several strains of S. aureus is 

a potent inhibitor of neutrophil and monocyte chemotaxis toward C5a. CHIPS acts on its 

target cells by binding and activating the C5aR preventing C5a mediated signalling 

(Postma B. et al., 2004). 

Another Staphylococcus aureus product SSL-7 can bind C5 and inhibit its cleavage 

preventingthe formation of the lytic Membrane Attack Complex (MAC) (Laursen N.S. et 

al., 2010). 
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3 Plasminogen 
 
Plasminogen (PLG) is a secreted blood zymogen that is activated by proteolysis and 

converted to plasmin, the primary fibrinoilytic protease (Law R.H. et al., 2012). 

Plasminogen circulates in blood at approximately 200 mg/L (Gebbink M.F., 2011).While 

human PLG is synthesized as a 810-amino acid polypeptide protein, the mature form of 

this protein is 791-amino acids, due to cleavage of a 19-amino acid leader peptide during 

secretion. Plasminogen (PLG) is a modular protein that comprises sequentially from the 

amino-terminus to the carboxyl-terminus, pre-activation peptide (PAP), followed by five 

kringle domains (K1-K5) , which are triple-disulfide linked peptides of approximately 80 

aminoacids, and a catalytic C-terminal serine proteinase domain (SP) (Fig. 13).  

 
Figure 13. Domain structure of the human plasminogen molecule. (Lähteenmäki K. et al., 2001). 

 

The kringle domains of PLG contain lysine-binding sites that mediate mainly its 

localization to fibrin and cellular surfaces. The kringle domains facilitate PLG binding to 

large substrates, e.g., fibrinogen, bacterial proteins, and mammalian cell surfaces, as well 

as small molecule ligands, Cl- and α, ω-amino acids, interactions that also regulate the 

activation of this protein. Interactions of human PLG or its isolated kringles with lysine-

type ligands takes place with all kringles, except for K3. The K1 and K4 modules exhibit 

the strongest affinities for this class of ligands, and K2 possesses the weakest affinity. The 

nature of the ligand is critical to its binding strength.. On the other hand, a strong 

Peptide 
Preactivation 5 Kringle

Proteinase
Domain

http://www.ncbi.nlm.nih.gov/pubmed/?term=Gebbink%20MF%5BAuthor%5D&cauthor=true&cauthor_uid=21781253
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specificity for K2 exists in the binding of PLG to aendo-polypeptide (VEK-30) that is 

derived from a bacterial cell wall PLG binding M-protein (PAM) (Castellino F.J. et al., 

2005). 

The circulating form of PLG, amino-terminal glutamic acid Glu-PLG (commonly indicated 

as PLG), is readily converted by limited proteolysis to several modified forms, known 

collectively as amino-terminal lysine Lys-PLG. Hydrolysis of the Lys77-Lys78 peptide 

bond gives rise to a conformationally modified form of the zymogen that more readily 

binds fibrin, displays two- to threefold higher avidity for cellular receptors, and is activated 

10–20 times more rapidly than Glu-PLG. Lys-PLG does not normally circulate in plasma 

but it has been identified on cell surfaces (Cesarman-Maus G. & Hajjar C.A., 2005).  

Circulating plasminogen, adopts a closed, activation resistant conformation. The kringle 

domains mediate interactions with fibrin clots and cell-surface receptors. These 

interactions trigger plasminogen to adopt an open form that can be cleaved and converted 

to plasmin by tissue-type and urokinase-type plasminogen activators. The structure of 

closed plasminogen reveals that the PAP and Serine protease domains, together with 

chloride ions, maintain the closed conformation through interactions with the kringle array. 

Differences in glycosylation alter the position of K3, although in all structures the loop 

cleaved by plasminogen activators is inaccessible. In particular the ions chloride plays an 

important role in stabilizing closed plasminogen. A  single chloride ion bound at both the 

K4/PAP and the SP/K2 interfaces. A third and fourth Cl־ are coordinated by K2 and the SP 

domain, respectively, but these do not mediate interdomain interactions. In contrast to the 

other kringle domains, K3 contains a mutation in its LBS (Lysine Binding Sites) (DXD/E 

motif to DXK) and does not bind lysine in vitro (Law R.H.P et al., 2012).  

The conversion of plasminogen into plasmin occurs by a variety of  enzymes including 

tissue plasminogen activator (tPA), urokinase plasminogen activator (uPA), kallicrein, 

factor XII,  each of which hydrolyzes the Arg561-Val562 peptide bond of plasminogen and 

yield two chains (N-terminal A-chain and C-terminal proteotically active, B-chain) that 

remain covalently associated by a disulfide bond. (Fig. 14)  Elastase truncates the A-chain 

of plasmin(ogen) and yields two fragments: angiostatin 9, formed by kringles 1–4, and 

mini-plasmin(ogen), composed of kringle 5 and the C-terminal serine proteinase domain. 

(Parry M.A.A et al., 2000). Microplasmin (mPl) is truncated forms of Plasmin, consisting 

of a short 31-residue A-chain connected by two disulphide bridges to the catalytically 

active 230- residue B-chain  (Wu H.L et al., 1987).  

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20HL%5BAuthor%5D&cauthor=true&cauthor_uid=2962191
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Figure 14. Plasmin structure. It consists of two disulfide-linked polypeptide chains The plasmin heavy chain 

(MW 60 kDa) is derived from the amino terminal region of plasminogen. The light chain originates from the 

carboxyl-terminus of plasminogen. In vivo, the MW of the heavy chain can vary from 63KDa to 12KDa 

depending on the extent of proteolysis to the plasminogen from which it is derived. 

(http://www.sigmaaldrich.com/content/dam/sigmaaldrich/lifescience/biochemicals/migrationbiochemicals/Pl

asmin_Image.gif). 

 

Plasmin is the product of the activation of plasminogen, a key enzyme of the fibrinolytic 

system, the physiological mechanism responsible for dissolving fibrin clots, plasmin exerts 

its proteolytic function on not only fibrin clots, but also a variety of substrates, including 

some components of the extracellular matrix. Its broad-range proteolytic activity implies 

that interaction with fibrinolysis and recruitment of plasmin by blood and tissue parasites is 

an important mechanism that mediates the invasion and establishment of pathogen in the 

hosts. However, recent studies have linked an excess of plasmin generated by this 

interaction with serious pathological events at the vascular level, including the proliferation 

and migration of arterial wall cells, inflammation, and degradation of the extracellular 

matrix. 



INTRODUCTION 

30 
 

A large number of blood and tissue parasites interact with the fibrinolytic system of their 

hosts by the expression and secretion of plasminogen receptors, which have been linked to 

parasite survival mechanisms. 

The indiscriminate proteolytic activity of plasmin has been recently related to 

cardiovascular disease and important pathological mechanisms, such as cell proliferation 

and migration and inflammation in blood vessels (González-Miguel J. et al., 2016). 
 

3.1 Plasminogen activators  

3.1.1 Tissue Plasminogen Activator (tPA) 
 

Tissue Plasminogen Activator (tPA) is a serine protease of approximately 70 kD. tPA is 

synthesized as a protein of 562 aminoacids, which includes a signal peptide and a 

propeptide of 22 and 10 amino acids, respectively. Three additional aminoacids are 

removed leaving a mature protein that is composed of a single chain polypeptide of 527 

amino acids. The protein comprises five domains, which are homologous to those found in 

other proteins (Fig. 15). Residues 39–81 form the finger (or fibronectin type-I module) 

domain found in related proteases FXII (Factor XII)  and HGFa (Hepatocyte Grow Factor 

activator), residues 82–120 compose an epidermal growth factor-like domain (EGF-like-

domain), residues 127–208 (K1) and 215–296 (K2) are kringle domains homologous to 

regions in plasminogen, and residues 311–561 (P) contain the protease domain. 
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Figure 15. Schematic representation of structure of tPA. (Chevilley A. et al., 2015) 

 

tPA facilitates the dissolution of blood clots by inducing the degradation of fibrin, the 

insoluble network that is a major component of a blood clot. It does this indirectly through 

the activation of plasminogen. tPA is present in only very low amounts in blood, but it is 

stored in small vesicles in the endothelial cells that line up the blood vessels and its release 

can be stimulated (Gebbink M.F., 2011).The conversion of the zymogen, plasminogen to 

plasmin involves the proteolytic cleavage of Arg561-Val562 by the tissue-type plasminogen 

activator (tPA). This results in the generation of two-chain Glu-plasmin which consists of a 

heavy chain of 561 residues (A chain) disulfide linked by two disulfide bonds to the light 

chain of 230 residues (B chain). The light chain contains the serine protease domain 

including the catalytic triad of His603, Asp646, and Ser741. The proteolytic cleavage of 

plasminogen by the plasminogen activator creates a new amino-terminal Val562 residue. 

The free amino group of the Val562 residue stabilizes the structure of plasmin by interacting 

via a salt bridge with Asp740. This interaction leads to the stabilization of the oxyanion hole 

and substrate binding pocket of the active site of plasmin, resulting in the formation of 

fully active plasmin (Kwon M. et al., 2005). Plasmin in turn similarly converts single chain 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Gebbink%20MF%5BAuthor%5D&cauthor=true&cauthor_uid=21781253
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tPA into a two-chain form. However, in contrast to plasminogen, single-chain tPA is active 

and the activity of single-chain and two-chain tPA is comparable (Gebbink M.F., 2011). 

 

3.1.2 Urokinase Plasminogen Activator (uPA) 
 

The other human Plasminogen activator is urokinase Plasminogen Activator (uPA). uPA is 

a 53-kDa serine protease initially synthesized as a catalytically inactive single chain 

polypeptide, pro-uPA whose proteolytic cleavage - mediated by different proteases 

including plasmin, cathepsin B, cathepsin L, and human kallikrein type 2 - gives the 

mature form that is a two-chain protein linked by a single disulfide bond. uPA can be 

structurally divided into three domains, an amino-terminal domain, which contains the 

binding site for its receptor uPAR, a carboxy terminal sequence containing the catalytic 

site, and a kringle domain of a yet unknown function (Gouri A. et al., 2016). 

 

3.1.3 Staphylokinase 
 

Staphylokinase (SAK) is an extra-cellular protein that is synthesized during the late 

exponential growth phase and positively regulated by the accessory gene regulator (agr) 

(Arvidson S. et al., 2001). Sak is also a plasminogen activator protein that is secreted by 

many Staphylococcus aureus strains. It contains 136 amino acids and has a molecular 

weight of 15.5 kDa. Its 3D structure features a central α-helix lying across a five-stranded 

β-sheet (Fig.16) (Nguyen L.T.& Vogel H.J., 2016).  

Several molecular forms of staphylokinase have been purified with slightly different 

molecular weights (Mr; 16,500 to 18,000) on sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis [SDS-PAGE] and iso-electric points. Lower MW derivatives of mature 

staphylokinase were obtained lacking the 6 (Sak-A6) or the 10 (Sak-AlO) NH2-terminal 

amino acids. 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Gebbink%20MF%5BAuthor%5D&cauthor=true&cauthor_uid=21781253
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gouri%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27578963
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Figure 16. Structure of Staphylokinase, (Nguyen L.T. et al., 2016) 

 

Like streptokinase (another activator produced by Streptococcus), staphylokinase is not an 

enzyme but it forms a 1:1 stoichiometric complex with plasminogen that activates other 

plasminogen molecules in plasmin (Pli). Streptokinase and plasminogen produce a 

complex that exposes the active site in the plasminogen molecule without proteolytic 

cleavage. According to this model, plasminogen and staphylokinase produce an inactive 

complex (PLG-Sak) in which active plasmin-Staphylokinase (Pli-Sak) is generated in a 

rate-limiting step that is accelerated by plasminogen activators (eg, Pli-Sak itself) and 

delayed by plasmin inhibitors (eg, a2-antiplasmin). In mixtures with excess plasminogen 

over staphylokinase, the generated Pli-Sak complex converts the excess plasminogen to 

plasmin. In contrast to the indirect mechanism of plasminogen activation with 

streptokinase and staphylokinase, the physiologic plasminogen activators, t-PA and 

urokinase, are enzymes that directly activate plasminogen by cleavage of a single Arg561-

Va1562 peptide bond. Studies on the interaction of staphylokinase with different molecular 

forms of plasminogen have shown that the lysine-binding sites in kringles l through 4 of 

plasminogen are not required for formation of the complex with staphylokinase, nor for the 

enzymatic activity of the complex. (Collen D. & Lijnen H.R. 1994). 

 SAK-mediated PLG conversion at the staphylococcal surface has been implicated with a 

role in degradation of ECM proteins surrounding the bacterium and thus is an important 

pathogenetic mechanism of this Gram-positive bacterium (Rooijakkers S.H. et al., 2005).  
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4 Fibrinogen 
 

Fibrinogen (FBG), a soluble plasma protein, is synthesized by hepatocytes  and is 

composed of three pairs of non-identical chains, Aα, Bβ and J, reciprocally linked by a 

number of disulfide bonds to form an elongated trinodular rod (Fig.17). Interchain 

disulfide bonds involving the N-terminal regions of the three polypeptides cooperate to 

form the central nodular E domain, while the C- terminal of Bβ- and J- chain represent the 

D domain. D and E domains are connected by the coiled-coil regions of the three chains, 

while the Aα C- terminal appears as a flexible appendix of the oblong molecule. FBG is 

converted by thrombin into fibrin through the hydrolysis of four Arg-Gly peptide bonds in 

the central globular region. The resulting product spontaneously forms a long, insoluble 

homopolymeric structure, the fibrin clot. FBG is the most abundant ligand for the integrin 

GPIIb/IIIa on the surface of platelets. The binding of FBG to this integrin on activated 

platelets results in platelet aggregation and the formation of platelet- fibrin thrombi (Kreis 

T.& Vale R., 1999) 
 

 

Figure 17. Schematic model of the structural organization of fibrinogen. Pairs of Aα-, Bβ- and γ-chains are 
linked by interchain disulphide bonds. The E domain, corresponding to the N-termini of the three pairs of 
chains, is connected to the C-terminal D domains by the coiled-coil regions. The C-termini of the Aα-chains 
extend away from the D domain region (Speziale et al., 2009). 

 

Fibrinogen not only plays a pivotal role in hemostasis but also serves key roles in 

antimicrobial host defence. As a rapidly assembled provisional matrix protein, fibrin(ogen) 

can function as an early line of host protection by limiting bacterial growth, suppressing 

dissemination of microbes to distant sites, and mediating host bacterial killing. Fibrinogen-

mediated host antimicrobial activity occurs predominantly through two general 
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mechanisms, namely, fibrin matrices functioning as a protective barrier and fibrin(ogen) 

directly or indirectly driving host protective immune function. The potential of fibrin to 

limit bacterial infection and disease has been countered by numerous bacterial species 

evolving and maintaining virulence factors that engage hemostatic system components 

within vertebrate hosts (Ko Y.P. & FlicK M.J., 2016). 
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AIM OF THE WORK 
 

Staphylococcus aureus is an important opportunistic human pathogen that persistently 

colonizes about 20% of the human population and can cause a variety of diseases including 

skin infections, pneumonia, endocarditis, and sepsis. Nowadays, the emergence of 

methicillin (MRSA) as well as vancomycin-resistant (VRSA) strains is of great concern. In 

spite of the advance in antibiotic development, treating these infections remains a huge 

challenge reviving research for a vaccine to prevent infections. Potentially effective targets 

for vaccine design in Gram-positive pathogenic bacteria, including S. aureus, are the  

surface proteins that play important roles during infection. Among the multitude of 

interactions with host proteins, S. aureus binds the human plasma protein plasminogen 

(PLG) and expresses a PLG activator, staphylokinase, that converts PLG to the serine 

protease plasmin. Plasmin controls several processes such as fibrinolysis, wound healing 

and tissue remodelling. Moreover plasmin can cleave native C3 leading to the formation of 

the C3b, which is subsequently degraded and inactivated to iC3b. Thus, binding of PLG to 

the surface of S. aureus and its activation to plasmin is an important mechanism for the 

staphylococcal pathogenesis. It turns bacteria into proteolytic organisms capable of 

degrading extracellular matrix and other crucial components involved in the host defense. 

Several staphylococcal proteins have been reported to interact with PLG, however the 

molecular aspects of these interactions have not been investigated in detail. In this contest I 

wanted to examine whether other staphylococcal surface proteins, named Cell Wall 

Anchored (CWA) could support the interactions with PLG. In particular I found that 

FnBPB staphylococcal proteins, previously characterized as binders of Fibrinogen and 

Fibronectin, can bind also PLG.  

I wanted to show that sortase-anchored cell wall associated proteins are responsible for 

capturing the bulk of  plasminogen. I tried to identify the FnBPB binding site to PLG and 

to characterize the mechanism behind this interaction. Finally, I wanted to test if the 

formation of the receptor complex staphylococcal - PLG leads to enzyme activation of 

protein (PLG), which might result in the degradation of substrates such as fibrinogen. 



MATERIAL AND METHODS 

37 
 

MATERIAL AND METHODS 

1 Bacterial strains and culture conditions 
 

Staphylococcus aureus strains  USA 300 LAC, USA 300 LAC ΔsrtA , USA 300 LAC Δsak, USA 

300 LAC ΔfnbB/fnbA, Newman, SH1000 and 8325-4 were grown at 37°C in TSB culture medium 

(Tryptic Soy Broth, BD BactoTM) with constant shaking (150 rpm) for different times depending on 

the required growth phase. Addition of  10 µg/ml of erythromycin was necessary only for USA 300 

LAC Δsak. The bacteria  were kindly donated by the research groups of Prof. Timoty J.Foster and 

Prof. Joan Geoghegan of the Microbiology Department, Moyne Institute of Preventive Medicine, 

Trinity College, Dublin 2, Ireland.  

 

Escherichia coli  strain TOPP3 (Stratagene, LA Jolla, CA) used for cloning and for expression of 

recombinant fragment of FnBPB N2N3, was grown in Luria Broth (LB, BD, Sparks, MD) at 37°C, 

under steady agitation, ampicillin at 100 µg/ml was added at the medium.  

Lactococcus lactis strain carrying the expression vector pNZ8037 alone or harboring the fnbB gene 

(pNZ8037::fnbB) were grown at 30°C in M17 culture medium (Difco, Detroit, MI, USA), plus 10% 

lactose, 0,5%  glucose and chloramphenicol (10 µg/ml), overnight, without shaking. Cultures were 

diluted 1:100 in the above medium and allowed to reach exponential phase A600nm/0.4. Nisin (6,4 

ng/ml) was added and cultures were allowed to grow overnight at 30°C without shaking.   

For my pourposes the staphylococcal cells were harvested from cultures by centrifugation (ALC 

Refrigerated Centrifuge PK 120 R) 10 minutes at 4000 rpm, washed in PBS (Phosphate Buffered 

Saline, 10 mM Na2HPO4, 130 mM NaCl, pH 7.4) and resuspended at the suitable density by 

spectrophotometer measurements at A600nm (Jasco, V-630). 

2 Proteins  
 

The Plasminogen (PLG) was purified from human plasma using the method of lysine-Sepharose 

affinity chromatography by Sanderson-Smith (Sanderson-Smith. M.,  et.al  2006). 
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The Human fibrinogen (FBG) was bought from Calbiochem, which is a Merck company’s branch 

(Darmstad, Germany). FBG was further purified on gelatin-Sepharose column to remove 

contaminating fibronectin (FN). 

Human FN was purified from plasma by a combination of gelatin and arginine-Sepharose affinity 

chromatography. To exclude the presence of trace amounts of contaminants, affinity-purified FN 

was spotted onto nitrocellulose membranes at different concentrations and overlaid with anti-FBG 

and anti PLG antibodies. 

The Albumin (BSA),  plasminogen tissues activators tPA and the substrate chromogen  S-2251 

were bought from  Sigma (St Louis, MO). 

Kringle 1-3 and kringle 1-4 were purchased from Sigma (St.Louis, MO, USA) and MyBioSource 

(San Diego, Ca, USA), respectively. 

Kringle 5 or mini-PLG (residues Val442 Asn790 ) was obtained by digestion of Plasminogen with 

porcin pancreatic elastase (Sigma) as described by Cao Y., 1996. 

The recombinant E. coli strains expressing recombinant FnBPBN2N3, FnBPBN2, FnBPBN3, 

FnBPAN2N3, SdrDN2N3, ClfAN2N3, ClfBN2N3, IsdBN2N3,  SasINEAT1, SasINEAT2, Srap and 

Sbi  were kindly donated by Prof. Timoty J.Foster and Prof. Joan Geoghegan. The E.coli clone 

expressing recombinant SAK protein was generously provided by Dr. S.H.M. Rooijakkers, 

University Medical Center Utrecht. The proteins were then purified in our labs according to the 

paragraph Expression and Purification of Recombinant Proteins (see below).  

The purity of the proteins was assessed by 7.5-12.5% SDS-PAGE and Comassie brilliant blue 

staining. 

Human plasma, normal human plasma was prepared from freshly drawn blood obtained healthy 

volunteers with informed consent and permission of the ethical board of University of Pavia (permit 

#19092013). After centrifugation, the plasma fraction was frozen in aliquots and stored at -20°C. 

3 Antibodies  
 

All the polyclonal antibodies used were available in the Speziale’s Lab collection. Brefly, 

polyclonal antiserum against purified PLG was raised in a rabbit by routine immunisation 

procedures using purified human PLG as antigen. Polyclonal antiserum against human FBG or 
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recombinant SAK were raised in mice using human purified FBG or recombinant SAK as antigens. 

The purification of rabbit or mouse antibodies from sera was performed by affinity chromatography 

using a column of  HiTrapTM (0.7x2.5 cm) (GE Healthcare, Buckinghamshire, United Kingdom) 

packed with 1 mL of Sepharose, which is bound to protein G, that is able to bind with high 

specificity the constants portions (Fc) of antibodies. The anti-human Fn rabbit polyclonal IgG was 

purchased from Pierce (Rockford, IL, USA). Rabbit anti-mouse or goat anti-rabbit HorseRadish 

Peroxidase (HRP)-conjugated secondary antibodies were purchased from Dako Cytomation 

(Glostrup, Denmark). 

4 Plasmid and DNA manipulation 
 

Plasmid DNA (Table 4) was isolated using the Wizard®Plus SV Miniprep Kit (Promega, Madison, 

WI, USA), according to the manufacturer’s instructions, and finally transformed into E. coli TOPP3 

cells using standard procedures (Sambrook J. et al., 1989). Transformants were screened by 

restriction analysis and verified by DNA sequencing (Eurofins Genomics, Milan, Italy). 

Chromosomal DNA was extracted using the Bacterial Genomic DNA Purification Kit (Edge 

Biosystems, Gaithersberg, MD, USA). 

 

Plasmid Features Marker Source/reference 
pQE30 E. coli vector for the 

expression of hexa-His-
tagged recombinant 
proteins 

AmpR Qiagen 

pQE30::rFnBPB163–480 pQE30 derivative 
encoding the N2N3 
subdomain of FnBPB 
from S. aureus 8325-4 

AmpR Burke et al., 2011 

pQE30::rFnBPB163–480  
Site 1 

pQE30 derivative 
encoding the N2N3 
incorporating alanine 
substitutions in site 1 
(residues K330, K334, 
K362) 

AmpR This study 

pQE30::rFnBPB163–480 
Site 2 

pQE30 derivative 
encoding the N2N3 
incorporating alanine 
substitutions in site 2 
(residues K342, K374, 
K423) 

AmpR This study 
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pQE30::rFnBPB163–480 
Site 3 

pQE30 derivative 
encoding the N2N3 
incorporating alanine 
substitutions site 1 and 
2 substitutions 
combined 

AmpR This study 

pQE30::rFnBPB163–463 pQE30 derivative 
encoding residues 163–
463 of FnBPB from S. 
aureus 8325-4 

AmpR Burke et al., 2011 

pQE30::rFnBPB163–480 
N312A⁄F314A 

pQE30 derivative 
encoding the N2N3 
subdomain of FnBPB 
from S. aureus 8325-4 
with mutations 
encoding the changes 
N312A and F314A 

AmpR Burke et al., 2011 

pQE30::rFnBPB163–308 pQE30 derivative 
encoding the N2 
subdomain of FnBPB 
from S. aureus 8325-4 

AmpR Burke et al., 2011 
 

pQE30::rFnBPB309–480 pQE30 derivative 
encoding the N3 
subdomain of FnBPB 
from S. aureus 8325-4 

AmpR Burke et al., 2011 

Abbreviation, Emr erythromycin resistance; Tcr tetracicline resistence; Cmr chloramphenicol resistance 

Table 4. Plasmids 

 

4.1 Cloning of the lysine substitute DNA fragments 

 
DNA encoding residues 163-480 of FnBPB incorporating alanine substitutions in site 1 

(residues K330, K334, K362), site 2 (K342, K374, K423) or site 1 and 2 substitutions 

combined, referred to as site 3, was synthesized as g-Block® double stranded DNA fragments 

by Integrated DNA Technologies (Coralville, IA). To determine the lysin residues exposed on 

the surface of the protein and potentially involved in PLG-binding FnBPB structural prediction 

analysis (UniProt platform) was used. Primers rFnBPB163-480F and rFnBPB163-480R (Integrated 

DNA Technologies, Leuven, Belgium) (Table 5) were used to amplify the sequence for cloning 

into pQE30.  Restriction digests and ligations were carried out using enzymes from New 

England Biolabs (Ipswich, MA, USA) according to the manufacturers’ protocols. DNA 

purification was carried out using the Wizard® SV Gel and PCR Clean-up System (Promega). 

Transformants were screened by restriction analysis and verified by DNA sequencing (Eurofins 

Genomics, Milan, Italy). 
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Primer Sequence (5’–3’)a 5’ 
restriction 

site 
rFnBPB163–480 F CGGGGATCCGCATCGGAACAAAACAATAC BamHI 

rFnBPB163–480 R AATCCCGGGTTACTTTAGTTTATCTTTGCC SmaI 

Table 5. FnBPB N2N3 primer sequences. The primers were created in order to comprise two restriction 
sequences, one for BamHI and one for SmaI. 

a Restriction sites used for cloning are shown in italics. 

 

4.2 Amplification of the lysine substitute DNA fragments 
 

The three modified gene fragments, site1, site2, site3 were amplified using the Phusion®
 High-

Fidelity DNA Polymerase (BioLabs), an enzyme that is characterized by the high fidelity of the 

amplification. The steps of polymerase chain reaction were carried out using the amplification 

profile described in Table 6; the annealing temperature was inferred by the melting temperature 

of the primers. The PCR product was quantified using the Nanodrop. 

 

STEPS Temp Time  

Initial 
denaturation 

98°C 30''  

 

35 cycles Denaturation  98°C 10'' 

Annealing 55°C 15'' 

Elongation  72°C 30'' 

Extension  72°C 10' 

Table 6. Phusion®
 High-Fidelity DNA Polymerase amplification profile. The annealing temperature was inferred using 

the following formula:  Ta=Tm ‐ 5°C 

 

4.3 Purification of pQE30 plasmid 
 
The pQE30 plasmid was purified from E. coli TOPP3 strain using the MiniPrep protocol 

(EuroClone) (Fig. 18) and quantified using the Nanodrop.  
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4.4 Digestion of plasmid and insert 

 
pQE30 contains restriction sites inside its sequence and the primers for the N2N3 fragment were 

designed to have the restriction sequences for BamHI (BioLabs) and SmaI (BioLabs): the former 

Figure 18. Plasmid extraction protocol. 

Cells are first lysed thanks to three 

solutions: i) RNAse added solution in order 

to get rid of non-DNA nucleic acids; ii) 

Solution II which lyses the bacterial cell 

walls; iii) solution III that counteracts the 

action of solution II, neutralizing the 

environment. The mixture is centrifuged in 

order to separate cells debris from the 

plasmid DNA that is present in the 

supernatant, which is then loaded on the 

column. The product is centrifuged and the 

flow-through is discarded while the DNA 

that binds the membrane in the column is 

washed twice with an ethanol-added 

solution. In order to dry the column getting 

rid of an excess of ethanol, the sample is 

again centrifuged at 10200 rpm for 10 

minutes. The plasmid DNA is finally 

eluted using 35 μl of Elution buffer. 



MATERIAL AND METHODS 

43 
 

cuts DNA forming sticky ends, the latter forming blunt ends (Fig. 19). At first, the reaction was set 

up with SmaI only: the reaction mix was kept at 30°C for 15 minutes and the activity of the 

resctriction enzyme was stopped by an incubation at 65°C for 20 minutes. Then BamHI was added 

and the reaction was continued at 37°C for 15 minutes. The digestion profiles of site1, site2, site3 

and the plasmid are shown in Tables 7, 8, 9, 10.  

 

 

 

 

 

 

 

 

  
 
 

 

 
 
 
 

      

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Ingredients Mix 1x (µl) 

FNBPB N2N3 site1 

(94 ng/µl) 

10,6 (1 µg) 

10x cutsmart buffer 5 

SmaI (10 U/ml) 1 

BamHI (10 U/ml) 1 

H2O 32,4 

Final volume 50 

Ingredients Mix 1x (µl) 

FNBPB N2N3 site2 

(71,7 ng/µl) 

14 (1 µg) 

10x cutsmart buffer 5 

SmaI (10 U/ml) 1 

BamHI (10 U/ml) 1 

H2O 29 

Final volume 50 

Ingredients Mix 1x (µl) 

FNBPB N2N3 site3 

(106,4 ng/µl) 

9,4 (1 µg) 

10x cutsmart buffer 5 

SmaI (10 U/ml) 1 

BamHI (10 U/ml) 1 

H2O 33,6 

Final volume 50 

Table 7. Digestion profile of site1. 94 ng/μl is 
the concentration of the DNA obtained after 
the PCR amplification                                   

Table 8. Digestion profile of site2. 71,7 ng/μl 
is the concentration of the DNA obtained after 
the PCR amplification                                   

Table 9. Digestion profile of site3. 106,4 ng/μl 
is the concentration of the DNA obtained after 
the PCR amplification                                   
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Figure 19. Restriction sequences of the enzyme used in the digestion step. Above: SmaI sequence. Below: BamHI 
sequence 
 

 

Site1, site2, site3 digestion products were purified using the Eurogold Cycle Pure Kit (EuroClone). 

The plasmid digestion products instead  were purified by means of a gel extraction: a 1% agarose 

gel without ethidium bromide was prepared and the product was loaded using a staining buffer 

provided by the digestion kit. Afterwards the agarose gel was stained with methilene blue for 10’ 

and decolorated using water until the product was visible in the gel. The band was excided from the 

gel and treated using a EuroGold Gel Extraction kit (EuroClone) (Fig. 20). Both the digested 

plasmid and fragment were quantified using the NanoDrop. 

Ingredients Mix 1x (µl) 

pQE30  

(185 ng/ µl) 

6 (1 µg) 

10x cutsmart buffer 5 

SmaI (10 U/ml) 1 

BamHI (10 U/ml) 1 

H2O 37 

Final volume 50 

 

5’ . . . CCCGGG . . . 3’ 
3’ . . . GGGCCC . . . 5’ 

 
5’ . . . GGATCC . . . 3’ 
3’ . . . CCTAGG . . . 5’ 

 

Table 10. Digestion profile used for the plasmid. 
185 ng/μl is the concentration obtained after the 
purification by means of the MiniPrep kit 
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4.5 Ligation 
 

The restriction enzymes used allowed the formation of complementary DNA ends both on the 

plasmid and on the modified N2N3 fragments so that it was possible to ligate the two components 

together using the T4 ligase kit (Promega). In order to understand which were the best DNA 

quantities to use in the reaction, the following formula has been used: 

 

 

 

 

 

The molar ratio adopted was 3:1. The insert is 1 kb in size, and the plasmid 3,4 kb. The ligation 

reaction was carried out as shown in Tables 11, 12, 13. The reaction mixes were left at room 

temperature for 15 minutes and then each of them was added to 100 μl of competent E. coli TOPP3 

cells to perform the DNA transformation. 

 

 

 

 

 

 

  insert  

  vector 

 ng of pQE30 x kb size of insert     

         kb size of pQE30 
x molar ratio of =  ng of insert  

Figure 20. Extraction of DNA from agarose gel 
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Ingredients Mix 1x (µl) 

Insert site3 

 (50 ng/ µl)) 
1 

Vector (28 ng/µl)) 1,8 

2x Rapid Ligation 

Buffer 
5 

T4 ligase 1 

H2O 1,2 

Final volume 10 

Ingredients Mix 1x (µl) 

Insert site1  

(25,9 ng/µl) 
1,7 

Vector (28 ng/µl) 1,8 

2x Rapid 

Ligation Buffer 
5 

T4 ligase 1 

H2O 0,5 

Final volume 10 

Ingredients Mix 1x (µl) 

Insert site2  

(26,8 ng/µl) 

1,6 

Vector (28 ng/µl) 1,8 

2x Rapid Ligation 

Buffer 
5 

T4 ligase 1 

H2O 0,6 

Final volume 10 

Table 11. Transformation reaction. 25,9 ng/μl is 
the concentration of the site 1 DNA obtained 
after fragment digestion, while 28 ng/μl is the 
one obtained for the plasmid after digestion and 
purification. 

Table 12. Transformation reaction. 50 ng/μl is 
the concentration of the site 2 DNA obtained 
after fragment digestion, while 28 ng/μl is the 
one obtained for the plasmid after digestion and 
purification. 

Table 13. Transformation reaction. 26,8 ng/μl is the 
concentration of the site 3 DNA obtained after 
fragment digestion, while 28 ng/μl is the one 
obtained for the plasmid after digestion and 
purification.  
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4.6 Preparation of competent E. coli cells for heat shock 
transformation 

 

E. coli from TOPP3 strain was made competent by a chemical and physical treatment which alters 

the structure of the cell wall allowing the cells to absorb exogenous DNA from the environment 

through a heat shock. Non-competent E. coli TOPP3 cells were grown overnight at 37°C with 

constant shaking. 1.5 ml of the overnight culture was diluted in 50 ml of fresh LB medium and 

incubated at 180 rpm at 37°C until the culture reached the exponential phase (OD600nm= 0.4 – 0.5). 

The bacterial cells were then transferred in a 50 ml sterile falcon, left it in ice for 1 minute and 

centrifuged at 4000 rpm for 10 minutes at 4°C. Maintaining the sterile conditions, the supernatant 

was thrown whilst the pellet was kept in ice and resuspended with 10 ml of buffer for competent 

cells (0.3 g PIPES, 0.88 g CaCl2, 15 ml Glycerol and dH2O till 100 ml, pH 7). The suspension was 

kept on ice for 30 minutes and centrifuged at 4000 rpm for 10 minutes at 4°C. The centrifugation 

step was repeated again and the pellet was resuspended in 3 ml of buffer for competent cells. 

Finally 100 μl aliquots of the suspension were stored at -80°C in sterile eppendorf tubes.  

 

4.7 Heat shock transformation of E. coli TOPP3 competent cells 
 

The ligation products (10 μl each) were added to 100 μl of TOPP3 competent cells (see below) 

thawed in ice (the DNA solution should not exceed 10% of the total volume). The cells were 

incubated in ice with DNA for 30 minutes, and after that they were heat-shocked for 90 seconds at 

42°C then immediately placed in ice for 2 minutes. This step is crucial as it allows the passive entry 

of the exogenous DNA into the bacterial cells. At this point, 900 μl of liquid LB medium were 

added and the culture was left to grow at 37°C for 2 hours in static conditions. Then it was 

centrifuge for 5 min at 4000 rpm; after that 800µl of the supernatant were discarded and the pellet 

was resuspended in the remaining 200µl of supernatant. At this point the culture was plated on 

ampicillin-supplemented LB agar plates (Fig. 21). 
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Figure 21. Transformation of bacterial cells with a plasmid. Only competent cells are able to uptake 

exogenous DNA. The plasmid must have a replication origin in order to make copies of itself and spread the 

plasmid as cells divide. 

 

4.8 Colony PCR 
 

Colony PCR is a technique used to identify the transformed cells that actually carry the gene of 

interest inside the plasmid. On the LB-agar ampicillin-added plate only the colonies that were 

successfully transformed can grow, as they carry the ampR gene on the plasmid: nevertheless, it is 

possible that the plasmid rejoined its ends without the insertion of the gene of interest. The colony 

PCR was performed on ten colonies that derived from three different plates. At first, ten PCR 

eppendorf tubes were filled with 10 μl of Nuclease-Free water (QIAGEN): a colony taken from the 

agar plate was stirred in each eppendorf tube, so that 2 microliters of it could be inoculated in 1 ml 

of LB medium containing ampicillin in order not to lose a potentially transformed colony. What 

remained in the PCR eppendorf tubes had been incubated at 98°C for 10’ and subsequently put on 

ice, in order to break the bacterial cell walls thanks to the Heat-Shock methodology. The PCR was 

performed using the DreamTaq DNA Polymerase (Fermentas), as high fidelity replication was not 

needed. The result was detected by electrophoresis on a 1% agarose gel (see below). This technique 

was applied to all the three transformation product plated. The purified plasmids were further tested 

by sequencing. 

 
 

�
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4.9 Agarose Gel Electrophoresis 
 

Electrophoresis on an agarose gel is a technique, which allows the separation of either circular 

molecules or linear fragments of DNA of different molecular weights in an electric field. In this 

study all agarose gels had a concentration of 1% agarose (GellyPhore, EuroClone), as this 

percentage is ideal to resolve fragments of 250-1000 bp and the DNA fragment of interest was 1000 

base pairs long. To assess the dimensions of the fragments of DNA, in one of the gel’s lanes a 

reference standard, selected according to the expected sizes of the DNA fragments, is loaded and 

the dimensions of the sample are inferred by comparison. The marker used in this study was 

GeneRuler 50 bp DNA ladder (Fermentas). 

5 Expression and purification of recombinant proteins 
 

Recombinant proteins were expressed from pQE30 (Qiagen,Chatsworth, CA, USA) in E. coli 

TOPP3(Stratagene). Overnight starter cultures were diluted 1:40 in LB containing ampicillin 

(100μg/ml) and incubated with shaking until reached the exponential phase (OD600nm = 0.4) 

Recombinant protein expression was induced by addition of 1mM (final concentration) isopropyl 

IsoPropyl 1-Thio-β-D-Galactopyranoside (IPTG) (INALCO) to the culture. After 4 hours bacterial 

cells were harvested by centrifugation (4000 rpm for 20 minutes) and frozen at -80°C. The day 

after, the cells were resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8.0) 

containing Phenyl-Methane-Sulfonyl-Fluoride (PMSF) 1 mM as protease inhibitor and lysed by 

freezing with liquid nitrogen and subsequent defrosting with warm water. The lysing procedure was 

repeated twice. The cell debris was removed by centrifugation (20400 rpm, at 10°C 20 minutes) and 

the surnatant applied to a 1 ml His Trap HP Ni2+ chelating column (GE Healthcare) equilibrated 

with “binding buffer” (50 mM NaH2PO4, 300 mM NaCl, pH 7.4). Fusion protein was eluted with 

five column volumes of “elution buffer” (500 mM imidazole in 50 mM NaH2PO4, 300 mM NaCl, 

pH 7.4). Protein purity was assessed to be 98% by SDS-PAGE, Coomassie brilliant blue staining, 

and densitometry analysis. A BicinChoninic acid protein Assay (BCA Pierce, Rockford, IL, USA) 

was used to measure concentrations of purified proteins. 
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6 BCA protein assay 
 

The concentrations of recombinant proteins were determined with BCA protein assay kit (Pierce). 

The BCA Protein Assay combines the well-known reduction of cupric ion (Cu2+) to cuprous ion 

(Cu1+) by protein in an alkaline medium with the highly sensitive and selective colorimetric 

detection of the cuprous cation (Cu1+) by bicinchoninic acid (BCA).  

7 Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
 

To evaluate the protein purity, a SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel 

electrophoresis) was performed.  The protein samples, prior to being loaded on the gel, were treated 

by adding an equal volume of SDS-PAGE loading buffer (0.1% (w/v) bromophenol blue, 20% (v/v) 

glycerol, 2% (w/v) SDS in 50 mM Tris-HCl pH 6.8) containing (reducing conditions) or not (non 

reducing conditions) 20 mM Di-Thio-Threitol (DTT) and boiled for 5'. The gel was placed in a 

vertical migration electrophoresis tank (BioRad) with the running  buffer (20 mM Tris-HCl pH 8.3, 

0.2 M glycin, 0.1% SDS).  

The protein was separeted by 10-15% (w/v) polyacrylamide, the gel was stained with Coomassie 

brilliant blue (BioRad, Hercules, CA, USA) staining solution (Coomassie blue 0.2% in 30% 

isopropanol, 20% acetic acid) and left to shake for 30-60 minutes before being destained in SDS-

PAGE destaining solution (10% acetic acid 45% methanol) for 1-2 hours, so that the protein bands 

become visible. Alternatively the gel was transferred on a Nitrocellulose Blotting Membrane (0.45 

µm NC) (GE Healthcare) for western blotting. 

8 Western Blot Assays 
 

For Western immunoblotting, proteins were subjected to SDS-PAGE, electroblotted onto a 

nitrocellulose membrane (0.45 µm NC) (GE Healthcare) The nitrocellulose membrane was wet with 

distilled water, soaked for 15 minutes in blot buffer (0.4 M Glycin, 40 mM Tris-HCl, 20% 

methanol, pH 8.3) and finally placed on the acrylamide gel before assembling them between two 

sheets of Whatman® blotting paper and sponge on either side. The transfer sandwich was then 

placed in a vertical blot tank immersed in transfer buffer with the gel at the negative pole and the 
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membrane at the positive. The membrane was blocked overnight at 4°C with 5% (w/v) skim milk 

(Sigma) in PBST (0,1% Tween 20 in PBS).  

Blotted proteins were probed with rabbit polyclonal antibody against human PLG (1:5000) or with 

polyclonal mouse anti-FBG (1:2000)  or  mouse IgG against SAK (5μg/ml) for 1 h at 22°C. 

Following washes with PBST, the membrane was incubated for 1 h with either HRP-conjugated 

goat anti-rabbit IgG (1:10000) or rabbit anti-mouse IgG (1:10000). Finally, blots were developed 

using the ECL Advance Western blotting detection kit (GE Healthcare) and an ImageQuant TM 

LAS 4000 mini-biomolecular imager (GE Healthcare) was used to capture images of the bands. 

When the purified recombinant A domains of several CWA proteins of Staphylococcus aureus 

(FnBPA194-511, FnBPB163-480, ClfA221-559, ClfB201-542, Bbp40-599, Pls49-694 ) were subjected to SDS-

PAGE and Far Western blot, membranes were incubated with 1μg/ml PLG in PBS for 1h at room 

temperature , washed and the complexes detected with anti-PLG antibody as reported above. 

8.1 Capture of PLG from human plasma by S. aureus 
 

To test the ability of S. aureus strain USA 300 LAC wt, USA 300 LAC srtA, USA 300 LAC sak 

mutant, and USA 300 LAC fnbA/fnbB double mutant, to sequester PLG that is present in the human 

serum in a concentration of 2.4 PM (Collen D., 1986), an assay of plasmatic PLG absorption by 

bacterial cells was performed. The overnight culture  was diluted (1:40) in TSB medium and grown 

at 37°C with constant shaking (150 rpm) in order to obtain bacteria in exponential phase. When 

cultures reached the exponential phase (A600nm about 0.4), the cells were diluited approximately at 

concentration of 2x108 cells/mL, 500μl were harvested by spinning at 10000 rpm  for 10 minutes at 

room temperature and the supernatant was discarded. Bacterial cells were resuspended in different 

human serum dilutions (10%, 5%, 2.5%, 1.25% in PBS) and incubated 1 hour at room temperature 

in end-over-end. The unbound PLG and the plasma were then removed washing the cells twice with 

PBS (spinning at 10000 rpm for 10 minutes). Proteins that were bound to the cell surface (pellets 

from the previus step) were dissociated by addition of extraction buffer (125 mM Tris/HCl, pH 7.0 

containing 2% SDS) at 10μl/mg of pellet, and separated by SDS-PAGE (10% polyacrylamide gel)  

under non reducing conditions. The separated proteins were then transblotted onto a nitrocellulose 

membrane, incubated with a primary Rabbit anti-human PLG antibody (1:5000) followed by a 

secondary HRP-conjugated mouse anti Rabbit IgG (1:10000), as described above. The band 

intensities were quantified relative to the PLG sample (5 μg, 100% intensity) with the QuantityOne 

software (Bio Rad, Milan, Italy). 
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8.2 PLG binding to FnBPB N2N3  and its derivates 
 

In order to screen which staphylococcal proteins were able to bind human PLG, which fragments of 

region A of rFnBPB, N2 or N3 (respectly rFnBPB163-308 and rFnBPB309-480)  could interact with 

PLG or with FBG and if truncated variants (rFnBPB163-463) or two aminoacids mutant (rFnBPB 

163-480N312A/F314A) were still able to bind either PLG or FBG, the region A of a number of 

staphylococcal recombinant protein available in our lab, the single subdomains N2 and N3 of 

FnBPB and the truncated or mutated variants of FnBPB N2N3 subdomain, were subjected to  SDS-

PAGE (15%, or 12.5%, acrylamide respectively) and then transferred on a nitrocellulose membrane 

as described. The membrane was incubated overnight with a solution containing 5% dried milk in 

PBST (0.1% Tween 20 in PBS), in constant agitation, at 4°C to block the protein binding sites 

which were not occupied during the transfer. The membrane was incubated with human PLG 

(1μg/ml) or FBG (5 μg/ml) in PBST for 1 hour at room temperature and after three washes with 

PBST incubated for 1 hours with a primary antibody directed against PLG (polyclonal rabbit 

antibody) diluted 1:5000 in PBST or FBG (polyclonal mouse antibody) diluted 1:2000 in PBST. 

After other three washes, the secondary antibody, Goat-α- Rabbit IgG or Rabbit-α-Mouse IgG 

coupled to horse radish peroxidase (HRP) (DAKO) was diluted 1:10000 in PBST and added to the 

membrane.  

 

8.3 Preparation of cell surface extracts and TCA-precipitated 
culture supernatants.  

 

To detect SAK on the surface of  S. aureus USA300 LAC wt or Δsak, 1ml of bacteria (1x108/mL)  

grown on exponential phase was centrifuge at 4000 rpm for 10 minutes. The pellet was treated with 

buffer of extraction (2% SDS), heated at 95°C for 3 min and subjected to 15% SDS-PAGE and 

Western blotting. SAK was detected by incubation with mouse anti-SAK IgG (5 μg/mL)  followed 

by a rabbit HRP-conjugated secondary antibody (1:10000). The supernatant was precipitated by 

treatment with 20% trichloroacetic acid (TCA) (v/v) at 4°C for 90 min. The pellet was collected by 

centrifugation at 10000 x g for 10 min and washed with cold acetone (v/v) for two times. The pellet 

was allowed to air dry overnight and dissolved in the sample buffer, boiled for 3 min and finally 

subjected to 15% SDS-PAGE and Western blotting. SAK was detected as reported above. 
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8.4 Release of cell wall anchored-proteins from S. aureus and 
detection of fibronectin-binding activity 

 

To verify if the binding to FN of USA 300 LAC fnbA/fnbB double mutant  was modified, cell wall-

anchored proteins released from S. aureus were subjected to SDS-PAGE and Western blotting.  For 

this purpose, bacteria were grown to an OD600 of 0.4 to 0.6, harvested by centrifugation at 7000 x g 

at 4°C for 15 min, washed 3 times with PBS, and resuspended to an OD600 of 40 in lysis buffer (50 

mM Tris-HCl, 20 mM MgCl2 [pH 7.5]) supplemented with 30% raffinose. Cell wall proteins were 

solubilized from S. aureus by incubation with lysostaphin (200 μg/ml) at 37°C for 20 min in the 

presence of protease inhibitors (Complete Mini; Roche Molecular Biochemicals, Indianapolis, IN, 

USA). Protoplasts were recovered by centrifugation at 6,000 x g for 20 min, and the supernatants 

were taken as the wall fraction. The material was adsorbed on IgG-Sepharose column to remove 

protein A  and subjected to SDS-PAGE and Western blotting incubating the membrane with human 

FN (5 μg/ml) and a rabbit anti-FN antibody (2 μg/ml). 

9 Functional activity of PLG captured by S. aureus 

9.1 PLG capured by S. aureus USA 300 LAC wt or Δ sak 
 

To check whether the PLG adsorbed on the surface of S. aureus can be activated to plasmin by 

SAK or tPA and therefore may degrade the FBG, an overnight culture of S. aureus USA 300 LAC 

wt was diluted 1:40 in Tryptic Soy Broth (TSB) and the bacterial cells were grown at 37°C, under 

constant shaking (150 rpm), until reaching of the exponential growth phase (A600nm about 0.4). The 

staphylococcal cells were harvested by centrifugation (10 minutes at 4000 rpm), resuspended in 

PBS, washed with the same buffer and diluted at concentration of 5x108 cells/ml. 100 uL of the 

bacterial suspension (5x107cells) were immobilized on microtiter wells and incubated overnight at 

37°C without shaking. After washing three times with PBST, non-specific binding sites were 

blocked by incubating with 2% BSA in PBS (200μl /well) for 1 hour. 100 uL of human PLG (100μg 

/ml in PBS) were then added and the wells were incubated for 90 min at 37°C. Free PLG wells were 

used as control. After  washing with PBST, the wells were incubated for 2h or 4h at room 

temperature with 30 μl of FBG (335μg /ml) in HEPES buffer (100 mM HEPES, 100 mM NaCl, 1 

mM EDTA, 1 mg / ml PEG 8000 pH 7.4) containing or not tPA (27nm in a molar ratio of 1:40 

relative to the PLG) or recombinant SAK (15μg / ml) as PLG activators. From some wells 30 μl 
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samples were immediately collected and represent the t 0 of the reaction (undigested FBG). At the 

end of the incubation times, each collected sample (t0, t2 and t4) was then diluted v: v with "loading 

buffer" under reducing conditions, boiled at 95°C for 3 minutes, separated on to 12.5% 

polyacrylamide gel (see above). FBG degradation was detected after staining gel with Commassie 

Brilliant Blue R250 as previously indicated. 

To verify then if S. aureus cell-bound  PLG can be activated to plasmin by endogenous SAK a 

similar experiment was performed with S. aureus USA 300 LAC wt and sak mutant cells. For this 

purpose no activator was added in the incubation mixture containing FBG and the incubation time 

was prolonged for 4h. 

 

9.2 PLG captured by heterologous FnBPB N2N3 on the surface of 
Lactococcus lactis 

 

For this purposes cells of Lactococcus lactis expressing FnBPB from a gene cloned into a plasmid 

vector pNZ8037 (L.lactis  pNZ8037:: fnbB) and cells of the same strain carrying the empty vector 

(pNZ8037) were grown as above described (see section: Bacterial strains and growth conditions).  

Bacteria were harvested by centrifugation from the cultural medium (10 minutes, 4000 rpm), 

resuspended in PBS, washed two times and diluted at concentration of 5x108 cells/ml in PBS. 100 

μL of the bacterial suspension (5x107 cells) were then immobilized on microtiter wells and 

incubated overnight at 37 ° C without shaking. The next steps of the experiment were performed as 

above described for staphylococcal cells. 

10   ELISA assays 
 

To screen S. aureus strains PLG-binding and to characterize this interaction and the bacterial 

proteins involved, several ELISA (Enzyme Linked Immuno Sorbent Assay) assays were performed. 

 

10.1  Attachment of S. aureus strains to surface-coated PLG 
 

Clinical isolates and laboratory strains of S. aureus namely SH 1000, Newman, 8325-4 and USA 

300 LAC were tested for attachment to PLG coating ELISA wells. For this purpose cells of these 



MATERIAL AND METHODS 

55 
 

strains were grown in Tryptic Soy Broth (TSB) medium overnight at 37°C with shaking (150 rpm). 

At the same time increasing concentrations (from 0 to 12,5 μg/well) of human PLG were coated on 

microtiter wells (Nunc, Denmark) in 100 μl of 50 mM Na2CO3 pH 9.5 and incubated overnight at 

4°C. The overnight bacterial cultures, representing the stationary phase, were diluted (1:40) in fresh 

TSB medium and grown 37°C with shaking in order to obtain culture at exponential phases 

(OD600nm about 0.4). The staphylococcal cells of both phases were harvested by centrifugation (10 

minutes at 4000 rpm) and resuspended in PBS at a concentration of 2x108 cells/ml. In the meantime 

the microtiter wells were washed three times with 0.1% (v/v) Tween 20 in PBS (PBST) and 

incubated with bovine serum albumin (BSA, 2% v/v) in PBS (200 μl/well) for 1 h at room 

temperature to block additional protein-binding sites. Bacterial cells grown both to stationary and 

exponential phases (100 μL of 2x108 cells/ml in PBS) were then added to the microtiter plate and 

incubated at 37°C for 2 hours in static conditions. After washing three times with PBST, a mouse-α-

rabbit HRP-conjugated antibody (Dako, Glostrup, Denmark) diluted 1:1000 in BSA 1 % was added 

to the microplate and incubated 1 hour at room temperature. Indeed the IgG binding SpA on S. 

aureus staphylococcal surface allowed detecting straight bacterial cells only with HRP conjugated 

secondary antibody. After washing with PBST, the antibody binding was detected by incubation of 

the wells with ortho-phenylenediamine dihydrochloride (OPD Dako Cytomation). The absorbance 

at 490 nm was read with a plate reader (Microplate Reader, model 680, BioRad, Richmond, CA). 

 

10.2  Characterization of PLG binding to FnBPB 

10.2.1 Saturation kinetics of the binding of human PLG to surface   coated 
FnBPBN2N3 
 

To characterize PLG binding to FnBPB N2N3, microtiter wells were coated with 1μg/well of 

recombinant FnBPB N2N3 subdomain in 100 μL 50 mM Na2CO3 pH 9.5 and incubated at 4°C 

overnight. The wells were washed three times with PBST and incubated with BSA 2% for 1 hour at 

room temperature to block aspecific binding sites. Increasing concentrations (from 0 to 5 μM) of 

human PLG were then added in 100 μL PBS and incubated 1 hour at room temperature. After an 

incubation of 1 hour with policlonal rabbit anti-PLG IgG (1:2000 in BSA 1%) followed by an 

incubation with HRP-conjugated goat-α rabbit antibody (1:1000 in BSA 1%), PLG- FnBPB N2N3 

interaction was detected by adding OPD and reading OD at 490 nm in a plate reader. 
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10.2.2 Reactivity of truncated variants or trench mutants of 
recombinant FnBPB N2N3 to PLG and to FBG 
 

Microtiter wells were coated with 1 μg/well (2,5μM) of either a truncated version of the FnBPB N2-

N3 domain, lacking the 17 residues at the C-terminus of subdomain N3 (rFnBPB163-463), or a N2-

N3 domain carrying two amino acid substitutions in residues N312 and F314 (rFnBPB 163-

480N312A/F314A),  in 100 μl 50 mM Na2CO3 pH 9.5 and incubated at 4°C overnight. The wells 

were washed three times with PBST and incubated with BSA 2%, 1 hour at room temperature to 

block aspecific binding sites. Increasing concentration of human PLG (added by twelve 1:2 

dilutions from 4.5 μM to 0 μM) or of human FBG (added by twelve 1:2 dilutions from 18 μM to 0 

μM) in 100 μl of PBS were then added and incubated 1 hour at room temperature. After washings, 

the plates were incubated 1 hour with polyclonal rabbit anti-PLG (1:2000) or with polyclonal mouse 

anti-FBG (1:2000) in BSA 1% and then for another hour with HRP-conjugated Goat anti rabbit or 

Rabbit anti mouse IgG diluted 1:1000 in BSA 1%. The interaction of PLG and FBG with truncated 

variants or trench mutants of the recombinant FnBPB was detected by adding OPD and reading the 

absorbance at 490 nm in a plate reader. 

 

10.2.3 Reactivity of recombinant subdomains of FnBPB N2 and 
N3 to PLG and to FBG 
  

Microtiter wells were coated with 1 μg/well (5 μM) of recombinant fragments of FnBPB N2 and N3 

in 100 μl 50 mM Na2CO3 pH 9.5 and incubated at 4°C overnight. The wells were washed three 

times with PBST and incubated with BSA 2%, 1 hour at room temperature to block aspecific 

binding sites. After washings increasing concentration of human PLG (added by twelve 1:2 

dilutions from 4.5 μM to 0 μM) or of human FBG (added by twelve 1:2 dilutions from 18 μM to 0 

μM) in 100 μl of PBS were added and incubated 1 hour at room temperature. After washings, the 

plates were incubated 1 hour with polyclonal rabbit anti-PLG (1:2000) or with polyclonal mouse 

anti-Fbg (1:2000) in BSA 1% and then for another hour with HRP-conjugated Goat anti rabbit or 

Rabbit anti mouse IgG diluted 1:1000 in BSA 1%. The interaction of PLG and FBG with 

recombinant FnBPB subdomains was detected by adding OPD and reading the absorbance at 490 

nm in a plate reader. 
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10.2.4 Effect of L-Lysin and ε−amino caproic acid (εACA) on the 
attachment of S. aureus USA 300 LAC to immobilized PLG 
 

To determine whether lysine residues on the surface of staphylococcal cells could be involved in the 

interaction with PLG, an overnight culture of S. aureus cells  from USA 300 LAC strain  was 

diluted 1:40 in fresh TSB medium and grown 37°C to OD600nm = 0.4. Staphylococcal cells at 

exponential phase were harvested by centrifugation (10 minutes at 4000 rpm) and resuspended in 

PBS at a OD600nm= 1. 50 μL (approximately 5x 107 cells/well)  of staphylococcal suspension were 

then added to microtiter wells previously coated, over night, with human PLG (2 μg/well), blocked 

with 2% BSA in PBS (200 μL/well) and incubated 30 minutes at 37°C in static conditions with 50 

μL of increasing concentration of L-Lys or εACA in PBS (0, 3.125 mM , 6.25 mM, 12.5 mM, 25 

mM, 50 mM, 100 mM). Therefore final concentrations of L-Lys and of εACA obtained after 

dilution 1:2 with bacterial suspension were: 0, 1.56 mM, 3.125 mM, 6.25 mM, 12.5 mM, 25 mM, 

50 mM and, at the same time, final OD600nm of bacterial suspension in the wells was 0.5. The plates 

were incubated two hours at 37°C, washed with PBST and the attached bacteria were detected with 

a mouse-α-rabbit HRP-conjugated antibody diluted 1:1000 in BSA 1% as reported above. The 

attached bacteria were detected by adding OPD and reading the absorbance at 490 nm in a plate 

reader. 

 

10.2.5 Reactivity of lysine substituted mutants of FnBPB N2N3 to PLG and 
to FBG 
 

Microtiter wells were coated with 1 μg/well (10 μg/ml) of recombinant lysine substituted mutants of 

FnBPB N2N3 (site 1, site 2, site 3) in 100 μl of 50 mM Na2CO3 pH 9.5 and incubated at 4°C 

overnight. After washings and blocking with BSA 2%, saturating concentrations of human PLG 

(0.5 Pg/well) or of human FBG (2.5 Pg/well) in 100 μl of PBS were added and incubated 1 hour at 

room temperature. After washings, the plates were incubated 1 hour with polyclonal rabbit anti-

PLG (1:2000) or with polyclonal mouse anti-FBG (1:2000) in BSA 1% and then for another hour 

with HRP-conjugated Goat anti rabbit or Rabbit anti mouse IgG diluted 1:1000 in BSA 1%. The 

interaction of PLG and FBG with the lysine substituted mutants of FnBPB N2N3 was detected by 

adding OPD and reading the absorbance at 490 nm in a plate reader. 
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10.2.6 Binding of FnBPB N2N3  to PLG in the presence of FBG 
 

In order to determine if  PLG and FBG bind FnBPB at the same or distinct site, 0.5 μg of 

rFnBPBN2N3 was immobilized on to the surface of microtitre wells in 100 μl 50 mM Na2CO3 pH 

9.5 and incubated at 4°C overnight. The wells were washed three times with PBST and incubated 

with BSA 2% 1 hour at room temperature. After washings a set of wells were incubated with 1μM 

of PLG (saturating concentration) along with increasing concentrations of FBG (from 0 μM to 18 

μM). The remains wells were incubated with 4 μM of FBG (saturating concentration) along with 

increasing concentrations of PLG (from 0 μM to 4.5 μM) and incubated 1 hour at room 

temperature. After washings, bound PLG was detected with polyclonal rabbit anti-PLG (1:2000) 

instead bound FBG with polyclonal mouse anti-FBG (1:2000) in BSA 1% and then for another hour 

with HRP-conjugated Goat anti rabbit or Rabbit anti mouse IgG diluted 1:1000 in BSA 1% 

respectively. PLG and FBG bound to recombinant FnBPB were detected by adding OPD and 

reading the absorbance at 490 nm in a plate reader. 

 

10.2.7 Identification of PLG kringle(s) involved in FnBPB N2N3 
binding 
 

To identify PLG kringle(s) involved in FnBPB163-480(N2N3)  binding, microtitre plates were 

coated with 0.5 μg of FnBPB163-480/well in 100 μl 50 mM Na2CO3 pH 9.5 and incubated at 4°C 

overnight. After washings and blocking with BSA 2%, the plates were incubated with PLG, PLG 

fragments K1-K3, K1-K4 or mini-PLG (1P0����hour at room temperature���Proteins bound to 

FnBPB163-480  were detected by polyclonal rabbit anti-PLG (1:2000)  followed by secondary HRP-

conjugated Goat anti rabbit (1:1000). 

 

10.3 Effect of bacteria-bound-PLG on the cleavage of chromogenic 
substrate S-2251  

10.3.1 PLG captured by S. aureus USA 300 LAC wt and Δsak 
mutant 
 

To evaluate the ability of S. aureus USA 300 LAC wt and Δsak mutant to bind and activate PLG, an 

assay based on cleavage of the synthetic plasmin chromogenic substrate D-Val-Leu-Lys 
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Nitroanilide dihydrochloride (S-2251 Sigma) was performed. S-2251 is an oligopeptide (D-Val-

Leu-Lys-4-nitroanilide dihydrochloride), the carboxyl group of its lysine, is bound to a molecule of 

para-nitroaniline (pNA) by a carbamide bond. Plasmin cleaves the peptide bond releasing pNA 

(colored yellow) proportionally to protease activity. The amount of pNA released is then detectable 

by measuring the absorbance at 415 nm with a common spectrophotometer. For this purpose cells 

of S. aureus USA 300 LAC wt and Δsak were grown in TSB medium at 37°C (150 rpm), the 

overnight culture was diluted 1:40 in fresh TSB medium and grown 37°C to OD600nm = 0.4. 

Staphylococcal cells at exponential phase were harvested by centrifugation (10 minutes at 4000 

rpm) and resuspended in PBS at a concentration of 5x108 cells/ml. 100 μL of bacterial suspensions 

(5x107cells) were immobilized on a microtiter plate and incubated overnight at 37°C in static 

conditions. The microtiter wells were washed three time with PBST to discard not adhered bacteria, 

blocked with BSA 2% and incubated with 100 μL of human PLG 100 μg/mL in PBS (10 μg/well), 

at 37°C for 1 hour, with mild shaking (50 rpm). In some wells, used as a control was not added 

PLG. After washing with PBST, chromogenic substrate S-2251(H-D-Val-Leu-Lys p-Nitronilide di-

hydrocloride SIGMA) was added at concentration of 0.6 μM in 100µl a chloride-containing buffer 

(100 mM HEPES, 100 mM NaCl, 1 mM EDTA, 1 mg/ml PEG 8000, pH 7.4) in absence or in 

presence of tissue Plasminogen Activator (tPA) diluted to 27 nM (in 1:40 molar ratio with respect 

to human PLG) or rSAK 15µg/ml. In some control wells only tPA or SAK was added in absence of 

chromogenic substrate S-2251. The PLG-activation reaction was followed spectrophotometrically 

by measuring the absorbance at 415 nm at precise time point (0, 20’, 40’, 1 h, 2 h, 4 h, 6 h, 8 h, 20 

h, 24 h) with a plate reader (Microplate Reader, model 680, BioRad).  

10.3.2 PLG capured by heterologous FnBPB N2N3 on the surface of 
Lactococcus lactis. 
To test if cells of Lactococcus lactis expressing FnBPB are able to capture plasminogen and 

activate it to plasmin an ELISA assay based on cleavage of the synthetic plasmin chromogenic 

substrate D-Val-Leu-Lys Nitroanilide dihydrochloride (S- 2251 Sigma) was performed. For this 

purposes the strain of Lactococcus lactis expressing FnBPB from a gene cloned into a plasmid 

vector pNZ8037 (L.lactis  pNZ8037:: fnbB) and the same strain carrying the empty vector ( 

pNZ8037) were grown according to the method described. Bacteria were collected by 

centrifugation from the culture medium (10 minutes, 4000 rpm), resuspended in PBS, washed with 

the same buffer and finally diluted at concentration of 5x108 cells/ml in PBS. 100 μL of the 

bacterial suspension (5x107 cells) were then immobilized on microtiter wells and incubated 

overnight at 37°C under static conditions. The successive phases of the experiment were performed 

as above described for staphylococcal cells. 
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11  Surface plasmon resonance analysis of PLG binding to 
FnBPB163-480  

 
The optical phenomenon of Surface Plasmon Resonance (SPR) used by BIAcore systems enables 

the  detection and quantification of protein-protein interactions in real time. BIAcore  systems are 

widely used for characterizing the interactions of proteins with other proteins, peptides, nucleic 

acids, lipids, and small molecules. When BIAcore is used to measure protein interactions, one of the 

interactants is immobilized onto a sensor chip surface and the other interactant is passed over that 

surface in solution via an integrated microfluidic flow system. The immobilized interaction is 

referred to as the ligand, and the injected interactant in solution is referred to as the analyte. Binding 

responses are measured in resonance units (RU) and are proportional to the molecular mass on the 

sensor chip surface and, consequently, to the number of molecules on the surface (Guiducci C., 

Advanced Bioengineering Methods Laboratory SPR.)  

Generally, a glass surface is coated with an inert metal (gold). On the metal, a self-assembled 

monolayer (SAM) is deposited, on the SAM a matrix of non-cross-linked carboxymethylated 

dextran is bound which provides a hydrophilic layer. To allow the detection the ligand is 

immobilized onto the sensor surface, the analyte is then injected in aqueous solution (ideally with 

the same components and composition as the running buffer) through the flow cell, under 

continuous flow. As the analyte binds to the ligand the accumulation of protein on the sensor 

surface causes an increase in refractive index. This refractive index change is measured in real time 

and the result plotted as response units (RU). Importantly, a response (background response) will 

also be generated if there is a  difference in the refractive indices of the running and sample buffers. 

This background response must be subtracted from the sensorgram to obtain the actual binding 

response. The SPR optical unit consists of a source for a light beam that passes through a prism and 

strikes the surface of a flow cell at an angle, such that the beam is totally reflected. The SPR angle 

is sensitive to the composition of the layer at the surface of the gold. A baseline SPR angle is first 

determined by washing buffer over the surface with a fixed amount of ligand attached. To this flow 

of buffer, some analyte is then added. The binding of analyte to immobilized ligand causes an 

increase in the refractive index at the surface, thereby changing the SPR angle because it is directly 

proportional to the amount of bound analyte. (Fig. 22) 
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Figure 22. Surface Plasmon Resonance (SPR) 

 

To estimate the affinity of the interaction between PLG and FnBPB163-480 surface plasmon 

resonance (SPR) was conducted using a BIAcore X-100 instrument (GE Healthcare, Piscataway, 

NJ, USA). FnBPB163-480 was covalently immobilized on dextran matrix CM5 sensor chip surface by 

using a FnBPB163-480 solution (30 μg/ml in 50 mM sodium acetate buffer, pH 5) in a 1:1 dilution 

with N-hydroxysuccinimide and N-ethylN9-(3- dimethylaminopropyl) carbodiimide hydrochloride. 

The excess of active groups on the dextran matrix was blocked using 1 M ethanolamine (pH 8.5). 

On another flow cell, the dextran matrix was treated as described above but without any ligand to 

provide an uncoated reference flow cell. The running buffer used was PBS containing 0.005% (v/v) 

Tween 20. Two-fold linear dilution series (0.078–5 μM) of PLG in running buffer were passed over 

the ligand at the flow rate of 10 μl/min and all the sensorgrams were recorded at 22˚C. Assay 

channel data was subtracted from reference flow cell data. The response units (RU) at steady state 

were plotted as a function of PLG concentration, and fitted to the Langmuir equation to yield the 

KD of the PLG-FnBPB163-480 interaction. We are grateful to Professor V. De Filippis (University 

of Padua, Italy) for assistance and advice with BIAcore measurements. 

12   Statistical methods  
  

Continuous data were expressed as means and standard deviations. Two-group comparisons were 

performed by Student’s t test. One-way analysis of variance, followed by Bonferroni’s post hoc 

tests, was exploited for comparison of three or more groups. Analyses were performed using Prism 

4.0 (GraphPad). Two-tailed p values of 0.05 were considered statistically significant.
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RESULTS 
 

1 Staphylococcus aureus interacts with PLG 
 

In our research we focused on the interaction between S. aureus and PLG. Preliminary data showed 

that clinical isolates and laboratory strains of S. aureus (SH1000,Newman, 83254, USA 300 LAC) 

strongly attached to human PLG coating Elisa wells. Staphylococcal adherence was dependent on 

amount of PLG immobilized; strains grown to stationary or exponential phases attached to PLG 

with similar kinetics (Fig. 23). 

 

 

Figure 23. ELISA assays measuring the attachment of S. aureus strains to immobilized PLG. The concentrations of 
PLG on microtiter wells is given on the X-axis. Bacterial adherence is indicated on the Y-axis. Data points represent the 
mean of triplicate vials. Each graph is representative of three independent experiments. 
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2 S. aureus cell wall-anchored proteins bind  PLG in 
human plasma 

 

To go in more detail with this analysis, the S. aureus USA 300 LAC wt and ΔsrtA were grown to 

exponential phase and tested for their ability to sequester PLG from human serum. Following 

incubation of staphylococci with different concentrations of human plasma, bacteria bound proteins 

were detached and analyzed by SDS-PAGE under non-reducing conditions, subjected to 

immunoblotting and detected with an anti-PLG antibody. In these conditions, whatever was the 

concentration of plasma tested, a clear band with 90 kDa corresponding to PLG was detected, 

suggesting that PLG can be recognized in vivo by S. aureus cells (Fig. 24A). 

S. aureus are known to bind to human PLG but the bacterial surface components responsible have 

not been identified. It is well documented in the literature that the proteins covalently anchored to 

the bacterial cell wall (CWA) are able to bind different host proteins, thus contributing to the 

process of colonization and bacterial infection. In order to determine if cell wall-anchored proteins 

on the surface of S. aureus contribute to PLG binding, the wild-type strain  USA 300 LAC and 

sortase A deficient mutant (ΔsrtA) were compared. Bacteria were incubated with different 

concentrations of human plasma and proteins that were bound non-covalently  to the cell surface 

were dissociated, separeted by SDS-PAGE under non reducing conditions and analysed by Western 

immunoblotting, probing with anti-PLG IgG. Bacterial cells captured a 90 KDa immuno-reactive 

protein in a dose-dependent manner (Fig. 24A).  

Densitometric analysis of the blots showed that the wild-type strain captured at least 10-fold more 

PLG than sortase A mutant (Fig. 24B). To exclude the possibility that the markedly reduced capture 

of PLG from human plasma by sortase A mutant was due to higher proteolytic activity of mutant, 

LAC and its srtA mutant were grown to exponential phase and were incubated with purified PLG 

and the integrity of human protein in the supernatants was then examined by SDS-PAGE. As 

expected, the amounts of unbound PLG in the supernatant from srtA mutant was even higher than 

that from the wt strain (data not shown).  

Therefore it can be preliminarily conclude that one or more CWA proteins represent receptors for 

human PLG and that other surface-located proteins contribute minimally. 
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Figure 24: Capture of PLG from human plasma by S. aureus. A)S. aureus strain LAC wt and LAC ΔsrtA were mixed 
with different concentrations of human plasma for 60 min. Proteins that were boundto the cell surface were released by 
extraction buffer and separated by SDS-PAGE under nonreducingconditions and analysed by Western immunoblotting. 
The membranes were probed withrabbit anti-human PLG followed by HRP-conjugated mouse anti-rabbit IgG and 
developed with theECL Western blotting detection kit. B) Densitometric analysis of PLG bound to S. aureus LAC and 
the sortase A mutant as reported in panel A. The band intensity was quantified relative to a sample ofpure human PLG. 
The reported data are the mean values +/- SD from three independent experiments. 

 

3 PLG bound to the surface of S. aureus can be activated. 
 

The ability of PLG bound to the surface of S. aureus LAC to be activated by exogenous or 

endogenous PLG activators was tested. S. aureus LAC is lysogenized by a bacteriophage that 

carries the gene for SAK, a known activator of the zymogen PLG. Human tissue PLG activator was 

also tested. Bacterial cells (USA 300 LAC and ΔsrtA) were immobilized on the surface of 

microtitre wells, incubated with PLG and then for 24h with exogenous purified recombinant SAK 

(rSAK) or tPA and the chromogenic plasmin substrate S-2251. The substrate was consumed 

following incubation with the wild-type but minimal substrate consumption was seen with ΔsrtA 

(Fig. 25A and 25B). Controls where PLG was omitted did not have the ability to cleave the 
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substrate. Interestingly, incubation of wild-type LAC with PLG and S-2251 without activators 

showed a significantly higher cleavage of the substrate as compared to the controls. Conversely 

until 10 hours, the level of substrate consumption was significantly lower than that observed with 

samples with exogenous SAK or tPA added. These data show that PLG bound to the cell surface by 

CWA proteins can be activated efficiently by exogenously added rSAK or tPA (Fig. 25A and 25B, 

respectively) and furthermore the immobilized cells can release an endogenous PLG activator, 

presumably SAK. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 25. PLG captured by S. aureus LAC is functionally active. S. aureus LAC and the srtA mutant were 
immobilized on the surface of microtitre plates and then incubated with human PLG for 1 h at 37ºC. After washing, 
cells were incubated with recombinant SAK (A) or tPA (B) and S-2251 for 24 h, and the activity of plasmin was 
determined measuring the absorbance at 415 nm. Controls lacking PLG or activator were included. Data points are the 
means of 3 independent experiments each performed in triplicate +/- the SD. Statistically significant differences are 
indicated (Student’s t test; *, p < 0.05).  
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4 S. aureus-bound PLG activated can degrade FBG 
 
Plasmin is a central component of the fibrinolytic system and can actively cleave fibrin and FBG. In 

order to determine if PLG captured by CWA proteins on the surface of S. aureus can be activated 

by SAK and cleave FBG, immobilized S. aureus LAC cells were incubated with PLG. After 

washing rSAK and human FBG were added. The integrity of FBG was assessed by SDS-PAGE and 

staining with Coomassie Blue. After 2 and 4h incubation FBG was progressively cleaved (Fig. 

26A). Samples where rSAK was omitted also cleaved FBG which was presumably due to secretion 

of endogenous SAK (Fig. 26A, tracks D and F). When cells were incubated with tPA rather than 

rSAK, FBG was digested more efficiently (25B). In fact, all three FBG chains were hydrolyzed 

compared to the mild hydrolysis observed when PLG was activated by SAK. This is probably due 

to the different mechanisms of PLG activation promoted by tPA and SAK, respectively (Fig.26 B 

and 26A). 

 
 

 
 
Figure 26. PLG captured by S. aureus LAC is functionally active.  S. aureus LAC wild-type cells were also 
immobilized on microtitre plates and incubated with human PLG for 1 h at 37ºC. After washing, PLG was activated by 
addition of rSAK (A) or tPA(B) and the plasmin substrate FBG. Samples were incubated for 2h or 4h and FBG in the 
fluid phase was subjected to SDS-PAGE and stained with Coomassie Blue. The figure is the representative of three 
independent experiments. 
 
 

A 

B 



RESULTS 

67 
 

5 Captured PLG can be activated by endogenously 
expressed SAK 

 

In order to determine if cleavage of plasmin substrates S2251 and whole FBG in the experiments 

described in Fig. 25 and 26, where exogenous rSAK or tPA was not present, was due to SAK 

expressed by the bacterium, a null mutation in the chromosomal sak gene of LAC was constructed 

(LAC Δsak). Culture supernatants and cell surface extracts were examined by SDS-PAGE and 

Western immunoblotting using anti-SAK IgG. SAK was present both in the supernatant and was 

associated with the cell surface of LAC and no SAK was detected infractions from LAC sak 

(Fig.27A). To determine if endogenously expressed SAK was responsible for activating captured 

PLG, wild-type and mutant cells were compared. Cleavage of the substrate S-2251 was evident with 

wild-type cells whereas no cleavage occurred with the sak mutant (Fig. 27B). Similarly, wild-type 

cells could capture and activate PLG and cleave FBG (Fig. 27C) whereas the sak mutant was 

defective. In order to demonstrate directly that LAC Δsak could still capture PLG, bacteria were 

incubated with different concentrations of plasma and the amount of PLG captured was quantified 

by Western immunoblotting and densitometry (Fig. 27D). No difference in PLG bound to the wild-

type or sak mutant cells was observed. Thus it can be concluded that SAK secreted by S. aureus 

LAC in the supernatant or bound to the cell surface is capable of activating captured PLG.  
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FIGURE 27. S. aureus cells-bound PLG can be activated by endogenous SAK. A) TCA precipitated culture 
supernatants and proteins extracted from the cell surface were subjected to SDS-PAGE and Western immunoblotting 
probing with mouse anti-rSAK IgG and HRP-conjugated rabbit anti-mouse IgG. B) S. aureus LAC and the sak mutant 
were immobilized on the surface of microtitre plates and then incubated with human PLG for 1 h at 37C. After washing, 
cells were incubated withS-2251 for 8h and the activity of plasmin was determined measuring the absorbance at 
415nm.Controls lacking PLG were included. Data points are the means of 3 independent experiments each performed in 
triplicate +/- the SD. C) S. aureus LAC wild-type and sak mutant cells were immobilized on microtitre plates and 
incubated with human PLG for 1 h at 37C. After washing the plasmin substrate FBG was added. Samples were 
incubated for 2h or 4h and FBG in the fluid phase was subjected to SDS-PAGE and stained with Coomassie Blue. The 
figure is the representative of three independent experiments. D) S. aureus strain LAC and sak mutant cells were mixed 
with different concentrations of human plasma for 60 min. Upper panel: proteins that were bound to the cell surface 
were released with extraction buffer and separated by SDS-PAGE under non-reducing conditions and analysed by 
Western immunoblotting. The membranes were probed with rabbit anti human PLG followed by HRP-conjugated 
mouse anti-rabbit IgG. Lower panel: densitometric analysisof released PLG. The band intensities were quantified 
relative to a sample of pure human PLG. The reported data are the mean values from three independent experiments. 
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6 Fibronectin binding proteins A and B bind PLG  
 

The inability of the srtA mutant of S. aureus LAC to capture PLG indicates that one or more 

sortase-anchored cell wall-associated protein(s) is involved. In order to begin the process of 

identification which CWA proteins can bind PLG, purified recombinant ligand binding domains (A 

region) of several CWA proteins were tested by Western blotting. Proteins were subjected to SDS-

PAGE (Fig.28A) and Western blots (Fig.28B) were probed with purified human PLG and anti-PLG 

IgG. Subdomains N2 and N3 of the N-terminal A regions of both FnBPA and FnBPB bound PLG 

whereas the A domains of ClfA and ClfB, the bone sialoprotein binding protein (Bbp) and the 

plasmin-sensitive protein (Pls) did not (Fig. 28B). In order to investigate if FnBPA and FnBPB are 

the sole PLG binding proteins of S. aureus LAC, a mutant that lacks both proteins was tested for 

PLG capture. No statistically significant difference between the wild type and the fnbA fnbB mutant 

was seen(Fig. 28C) which indicates that one or more CWA protein(s) in addition to FnBPA and 

FnBPB can bind PLG.  
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Figure 28. Recombinant cell wall-anchored proteins binding to PLG. Purified recombinant A domains of several CWA 
proteins of S. aureus were subjected to SDS-PAGE and either A) stained with Coomassie Blue or B) transferred to a 
nitrocellulose membrane and probed with human PLG followed by rabbit anti-PLG serum and then HRP-conjugated 
goat anti-rabbit IgG. C) S. aureus strains LAC and its fnbA/fnbB double mutant cells (upper panel) were mixed with 
different concentrations of human plasma for 60 min. Proteins that were bound to the cell surface were released by 
extraction buffer and separated by SDS-PAGE under non-reducing conditions and analyzed by Western 
immunoblotting. The membranes were probed with rabbit anti-human PLG followed by HRP-conjugated mouse anti-
rabbit IgG and developed with the ECL Western blotting detection kit. Densitometric analysis of PLG bound to the 
strains (lower panels of C). The band intensity was quantified relative to a sample of pure human PLG. The reported 
data are the mean values+/- SD from three independent experiments. In the insets the material released by treatment of 
bacteria with lysostaphin was subjected to Western blot and probed with FN. 
 
 

7 Lactococcus lactis expressing FnBPB can capture PLG  
 

In order to study FnBPB inisolation from other S. aureus CWA proteins, a strain of Lactococcus 

lactis expressing FnBPB from a gene cloned into the plasmid vector pNZ8037 was used. L. lactis 

pNZ8037::fnbB and the same strain carrying the empty vector were immobilized inmicrotitre wells, 

incubated with PLG and following washing steps the chromogenic plasmin substrate S-2251 and 

rSAK (Fig. 29A) or tPA (Fig. 29C) were added. Cleavage of the substrate was observed whereas 

the cells bearing the empty vector had no activity. It should be noted that this system was somewhat 
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less active than S. aureus LAC cells. L. lactis (pNZ8037::fnbB) cells were also incubated with FBG 

and rSAK (Fig. 29B) or tPA (Fig. 29D). SDS-PAGE analysis showed that FBG was cleaved by the 

FnBPB expressing cells and not by those carrying the empty vector. These experiments show that 

L.lactis cells normally lack the ability to capture PLG and that FnBPB expressed on the bacterial 

cell surface can capture PLG in a form that can be activated by exogenous PLG activators. 

 

 

 

 

 

 

  A         B       C        D          E         F        G       H   

A 

B 

C 



RESULTS 

72 
 

 

 
 
Figure 29. Activation of PLG bound to L. lactis expressing FnBPB. L. lactis expressing FnBPB (pNZ8037fnbB) and 
cells carrying the empty vector were immobilized in microtitre plates and incubated with PLG for 1 h at 37°C. After 
washing cells were incubated with rSAK (A) or tPA (C) and the chromogenic plasmin substrate S-2251 for 24h. The 
activity of plasmin was determined measuring the absorbance at 415 nm. The data points are the means (+/- SD) of 
three independent experiments each performed in triplicate. 
 Immobilized L. lactis expressing FnBPB and cells carrying the empty vector were also incubated with PLG for 1h at 
37°C. After washing cells were incubated with FBG and rSAK (B) or tPA (D) for 2h and 4h. Controls lacking rSAK or 
tPA were included (tracks A and B). The fluid was analyzed by SDS-PAGE followed by staining with Coomassie Blue. 

8 PLG and FBG bind  FnBPB at distinct sites 
 

The A domain of FnBPB binds to FBG by the “dock, lock, and latch” mechanism. In order 

todetermine if PLG and FBG bind FnBPB at the same or distinct sites, rFnBPB163-480 

(rFnBPBN2N3) was immobilized onto the surface of microtitre wells and tested for binding to 

saturating concentrations of PLG in the presence of increasing amounts of FBG by an ELISA-type 

assay. Bound PLG was detected with specific antibodies and the amount of PLG bound did not 

change as the concentration of FBG added increased (Fig. 30A). A similar result was obtained when 

saturating concentrations of FBG were tested in the presence of increasing amounts of PLG (Fig. 

30B). In both panels dose-dependent binding of increasing amounts of either FBG or PLG to 

FnBPB is also reported. Together these data indicate that PLG and FBG bind to distinct sites on the 

A domain of FnBPB without steric hindrance. The failure of FBG to interfere with rFnBPB binding 

to PLG suggested that the ligands bind to different sites within the A domain of the protein. 
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Figure 30. Binding of FnBPB to PLG in the presence of FBG. A) rFnBPB was immobilized on the surface of microtitre 
wells. Saturating concentrations of PLG were added to along with increasing concentrations of FBG. Bound PLG was 
detected with rabbit anti-PLG followed by HRP-conjugated goat anti-rabbit IgG (full squares). In the same panel 
binding of increasing amounts of FBG to the wells is also reported (open dots). Bound FBG was detected with mouse 
anti-FBG serum followed by HRP-conjugated rabbit anti-mouse IgG. The data points are the means +/- SD of three 
independent experiments each performed in triplicate. B) ELISA type assay with rFnBPB immobilized on the surface of 
microtitre wells. Saturating concentrations of FBG were added to along with increasing concentrations of PLG. Bound 
FBG was detected with mouse anti-FBG followed by HRP-conjugated rabbit anti-mouse IgG (full squares). The panel 
reports also binding of increasing amounts of PLG to the wells (open dots). Bound proteins were detected with specific 
antibodies as in A. The data points are the means (+/- SD) of three independent experiments each performed in 
triplicate. 
 
 

9 FnBPB N2N3 domain binds PLG with high affinity 
 

Recombinant FnBPB163-480 (N2N3 domain) was tested for PLG  binding also by ELISA-based solid 

phase assay. As shown in figure 31A, N2N3 subdomain interacts with human PLG in a saturable 

and dose-dependent manner. Purified rFnBPB163-480 was immobilized onto the surface of a dextran 

chip and PLG was passed over the chip in concentrations ranging from 0.78 –5 µM (Fig. 31B). The 

KD for the interaction was 0.532 ±0.028 µM, an affinity that is nearly 4 fold higher than the 

interaction between FnBPB and FBG (Burke F.M. et al., 2010). 
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Figure 31. PLG binds FnBPB with high affinity A) ELISA assay of the binding of FnBPB N2N3 subdomain to PLG. 
The concentrations of PLG added on microtiter wells is given on the X-axis. FnBPB N2N3 binding is indicated on the 
Y-axis. Values represent the means of triplicate samples ±SD.  
B) Surface plasmon resonance analysis of the interaction of rFnBPB163-480 with PLG. Representative sensorgrams 
display binding of PLG to and dissociation from rFnBPB163-480. The affinity was calculated from curve fitting to a 
plot of the response units RU values against concentrations of PLG (inset). The figure shows one representative of three 
experiments. 

 

10   Characterization of PLG binding to N2N3 of FnBPB 
 

From literature it is known that the N-terminal A domain of FnBPs binds to fibrinogen by the 

“dock, lock, and latch” mechanism (Loughman A. et al., 2008, Burke F.M. et al., 2011) in a similar 

fashion to the archetypal MSCRAMM ClfA (Deivanayagam C.C. et al., 2002). A hydrophobic 

trench located between subdomains N2 and N3 accepts the C-terminal peptide of the fibrinogen α-

chain. A flexible region at the C-terminus of N3 (the locking and latching peptide) undergoes a 

conformational change that locks the ligand in the trench and forms an additional β-strand in a β-

A 

B 
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sheet in subdomain N2. To investigate if the same mechanism is implicated into PLG binding to 

FnBPB, variants of the recombinant A domain were tested for ligand binding in solid phase ELISA-

type assays and through Western blot. To this purpose we used either a truncated version of the 

FnBPBN2-N3 domain (FnBPB163-480), lacking the 17 residues at the C-terminus of subdomain N3 

that are involved in the locking and latching steps of the dock, lock, and latch mechanism 

(rFnBPB163-463), and a N2-N3 domain carrying two amino acid substitutions in residues N312 and 

F314 of the FnBPB fibrinogen binding trench (rFnBPB 163-480N312A/F314A). The recombinant 

constructs were tested for binding to PLG and, as a control, FBG (Fig. 32). Neither the C-terminal 

truncated mutant nor the trench one could bind to FBG but each bound to PLG dose-dependently 

and saturably in a manner that was indistinguishable from rFnBPB163-463. These data show that PLG 

does not bind to the FnBPB A domain using the dock, lock, and latch mechanism. 
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Figure 32. PLG binding to FnBPB163-480 and its derivatives. Truncated variants (rFnBPB163-463) or two aminoacid 
substituted mutants (rFnBPB 163-480 N312A/F314A) of rFnBPB N2N3 subdomain were immobilized in microtiter plate 
wells and tested for binding to PLG (D, H) or FBG (C, G), or instead they were blotted onto a nitrocellulose filter and 
probed with PLG  (B, F) or FBG (A, E). The recombinant N2N3 subdomain of FnBPB (rFnBPB163-480) was used as 
control. The data points are the means (+/- SD) of three independent experiments each performed in triplicate. 

11    The N3 module of FnBPB is involved in PLG binding 
 

It has been previously reported that FnBPB N2N3 interacts with immobilized fibrinogen, while 

single recombinant N2 (FnBPB163-308) or N3 (FnBPB309-480) subdomains do not (Burke F.M. et al., 

2006). To confirm these data in our conditions, FnBPB N2N3 and the single subdomains N2 and 

N3 were tested for fibrinogen binding both by Western blotting (Fig. 33A) and ELISA assay (Fig. 

33B), as reported in Materials and Methods. We observed a saturable and dose-dependent 

interaction of N2N3 to FBG, while neither recombinant N2, nor N3 subdomains were able to bind. 
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Starting from these evidences, we tried to localize the PLG-binding site in the N2N3 subdomain of 

FnBPB. The recombinant N2N3, and the single N2 and N3 subdomains were tested for binding to 

PLG by using the same assays. As reported in figures 34A and 34B, the N2N3 as well as N3 

proteins, maintained the ability to interact with PLG, while no binding was detected when PLG was 

incubated with N2 subdomain. Moreover, N3 subdomains bound dose dependently to PLG with an 

affinity constant (KD) of 0,64 ± 0,015 μM (Fig. 34B). 

A B 

 

 

Figure 33. Binding of N2 and N3 modules to fibrinogen. A) Recombinant N2-N3 subdomain, N2 (FnBPB163- 308) 
and N3 (FnBPB309-480) modules were subjected to SDS/PAGE and tested for interaction with fibrinogen by Western 
Blot. B) ELISA assay measuring the dose-dependent binding of FBG to surface-coated N2N3, and the N2 and N3 
modules of FnBPB. 
 

A B 

 

 

Figure 34. Binding of N2 and N3 modules to PLG. A) Recombinant N2N3 subdomain, N2 (FnBPB163-308) and N3 
(FnBPB309-480) modules were subjected to SDS/PAGE and tested for interaction with PLG by Western Blot. B) ELISA 
assay measuring the dose-dependent binding of PLG to surface-coated N2N3, and the N2 and N3 modules of FnBPB. 

 



RESULTS 

78 
 

12 Role of lysine residues in PLG binding to FnBPB 
 

The binding of PLG to its natural ligands, such as fibrin and FBG, or lysine-containing host and 

bacterial binding proteins, is attributed to the strong affinity for lysine rich regions present in those 

target proteins by the PLG kringle domain(s). To investigate if lysine residues are important in the 

binding between FnBPB N2N3 and PLG, a plasminogen binding assays were performed with the 

recombinant bacterial protein subdomain in the presence of increasing concentrations of lysine and 

the lysine analogue ε-amino caproic acid (EACA).Both molecules caused dose-dependent and 

complete inhibition of the interaction, with EACA being far more potent (Fig. 35). For further 

investigating the role of lysine residues in PLG binding, a structural model of the N3 subdomain of 

FnBPB was designed based on the X-ray crystal structure of the related protein FnBPA. Then 

amino-acid sequence alignments of isotypes I-VII of FnBPB were used to identify conserved lysine 

residues in subdomain N3. The conserved lysine residues were visualised using the molecular 

model and two conserved lysine-rich surface regions were identified. Alanine substitutions were 

isolated in site 1 (K330, K334, K362) and site 2 (K342, K374 and K423) and then combined to 

form a double site 1-site 2 mutant (site 3). The N3 variants were tested for their ability to bind to 

PLG and FBG. Both site 1 and site 2 mutants showed a significant reduction in binding to PLG, a 

difference that was even greater when the site 1 and site 2 substitutions were combined (site 3). In 

contrast, FBG binding was not significantly reduced (Fig. 36). 

 

Figure 35. Recombinant FnBPB N2N3 was immobilized onto microtiter plates and incubated with PLG in the presence 
of increasing concentrations of lysine and the lysine analog ε-amino caproic acid. Binding of PLG by FnBPB in the 
absence of inhibitor was set to 100%. The concentrations of inhibitors added on microtiter wells is given on the X-axis. 
The percentage of PLG binding to immobilized FnBPB N2N3 is indicated on the Y-axis. Values represent the means of 
three separate experiments performed in triplicate, and error bars show SD. 
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Figure 36. Microtiter plates coated with FnBPB N2N3 and its isoforms mutated at site 1, site 2 or both sites (site 3) 
were incubated with PLG or FBG. Binding of each ligand to the variants was expressed as percentage of the controls 
where binding of PLG or FBG to FnBPB N2N3 was set to 100%. The data points are the means +/- SD of three 
independent experiments each performed in triplicate. Statistically significant differences are indicated (Student’s t test; 
*, P < 0.05; **, P < 0.01). 
 
 

13    Kringle 4 of PLG binds FnBPB N2N3 
 

To determine which part of the PLG protein binds FnBPB, truncates comprising kringles 1-3 and 1-

4, and mini-PLG, which is composed of kringle 5 along with C-terminal residues,were tested for 

binding to the bacterial protein. Kringles 1-3 and kringle 5 failed to bind FnBPB whereas kringles 

1-4 bound similarly to full length PLG. Thus, kringle 4 seems to be the sole binding domain within 

PLG forFnBPB (Fig.37). 
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Figure 37. Microtitre plates coated with FnBPB163-480 were incubated with equimolar concentrations of PLG or PLG 
fragments K1-K3, K1-K4 and mini-PLG. PLG and the fragments bound to FnBPB were detected by incubation of the 
plates with a rabbit PLG antibody followed by goat HRP-conjugated secondary IgG. Three independent experiments 
were conducted in triplicate and graphs represent means +/- SD. 
 

These datas are published in “Molecular Interactions of Human Plasminogen with Fibronectin-

binding Protein B (FnBPB), a Fibrinogen/Fibronectin-binding Protein from Staphylococcus 

aureus”. Pietrocola G., Nobile G., Gianotti V., Zapotoczna M., Foster T.J., Geoghegan Joan A., 
Speziale P., (2016). J Biol Chem. 291(35):18148-62 

 

 

 

 

 



DISCUSSION 

81 
 

DISCUSSION 
 

Staphylococcus aureus is the causative agent of potentially harmful diseases, like sepsis, 

endocarditis and necrotizing pneumonia and it is also responsible for less severe clinical 

manifestations such as epithelial and mucosal-associated infections. Nowadays, the emergence of 

methicillin (MRSA) as well as vancomycin-resistant (VRSA) strains is of great concern (Salazar N. 

et.al., 2014). 

S. aureus, like other invasive pathogens such as Streptococcus pneumoniae (Agarwal, V. et.al., 

2013; Bergmann S., et.al 2013), Streptococcus pyogenes (Berge, A. & Sjöbring, U. 1993, 

Sanderson-Smith, M.L et.al 2007) Streptococcus agalactiae (Six, A et.al 2015, Wiles  K.G et.al 

2010, Buscetta M. et.al 2014) can capture PLG from human plasma.   

From the literature it is known that several cell surface associated staphylococcal proteins interact 

with PLG for example the secreted and wall associated protein Sbi (Koch T.K. et.al 2012 ), the 

manganese transporter MntC (Salazar N. et.al 2014), and the moonlighting cytoplasmic protein 

enolase (Antikainen, J et.al 2007) but the molecular aspects of these interactions have not been 

investigated in detail. However this redundancy provides a number of advantages for S. aureus, For 

example, various PLG-binding proteins may be expressed at different time periods during the 

infection, another advantage of having multiple PLG binding proteins in a single microorganism 

could be explained by differences in affinity. While in the blood stream, at PLG concentrations of  

200 μg/ml, low affinity binding proteins may be sufficient for recruitment of PLG to the 

staphylococcal surface, high affinity binding proteins may be required in compartments where the 

concentration of  PLG is low. 

Most of  the staphylococcal surface proteins with PLG binding activity such as α enolase, Sbi and 

MntC so far identified are secreted proteins that can rebind to the bacterial surface. Thus we asked 

whether CWA proteins covalently anchored to the peptidoglycan surface, could potentially express 

a PLG-binding activity.  

Preliminary investigations showed that both clinical isolates and laboratory strains of S. aureus 

interact strongly with human PLG, suggesting that binding of staphylococci to PLG is a general 

property of this species. Here I have shown for the first time that sortase A-anchored cell wall-

associated proteins are the dominant PLG binding proteins on the S. aureus cell surface. A sortase 

A mutant of S. aureus  USA300 LAC  bound at least a 10-fold lower level of PLG than the wild-

type. It is noteworthy that PLG captured from human plasma could be activated by exogenously 

added tissue PLG activator t-PA and SAK. To identify the repertoire of PLG binding CWA proteins 
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and to determine their relative importance in the capacity of the bacterium to bind PLG, I screened 

the region A of several recombinant CWA proteins by Western Blot. Two of them, FnBPA and 

FnBPB, were shown to bind PLG in vitro, the binding appeared specific, instead no interaction was 

observed with other CWA proteins such as ClfA/B, Bbp and Pls. Once verified that PLG doesn’t 

bind the repetitive region of FnBPB (tandemly repeated fibronectin-binding motifs, Burke F.M. et 

al., 2010) the A domain of this staphylococcal protein (FnBPBN2N3, aa 163-480) was chosen for 

detailed analysis of PLG binding. Surface plasmon resonance analysis of this binding indicates a 

high affinity interaction in the nanomolar range. This domain can bind to FBG by the dock, lock, 

and latch mechanism (Burke F.M et.al 2011). I have shown that PLG and FBG bind FnBPB at 

distinct non-overlapping sites and that PLG binding does not involve the dock, lock, and latch 

mechanism. This is important since PLG and FBG are both components of blood plasma. FnBPB 

can simultaneously capture both PLG and FBG (a substrate for plasmin). The PLG binding site is 

confined to subdomain N3, it does not overlap the FBG binding site and variants of the recombinant 

A domain with substitutions at two distinct conserved lysine-rich sites in subdomain N3 bound PLG 

with reduced affinity. X ray crystal structure analysis of the FnBPB-PLG complex will provide 

molecular details of the interaction. The seven distinct isoforms of FnBPB each bound PLG with 

similar affinities in solid phase assays (data not shown). This attests to the idea that PLG binding is 

an important property which has been retained during diversification of the N3 subdomain surface 

residues. Moreover my data indicates that kringle 4 probably comprises the only binding domain 

within PLG for FnBPB and that this binds the two lysine-rich patches within subdomain N3 of 

FnBPB. Therefore FnBPB can be considerate as a  new receptor of  PLG. Structural analysis of 

streptokinase binding to PLG showed that the bacterial zymogen activator bound in such a way as 

to avoid the kringle domains. SAK and streptokinase belong to the same protein superfamily even 

though they share little amino acid sequence similarity (Parry M.A.A et.al 2000) so it seems likely 

that they interact with PLG at the same or a similar site leaving kringle 4 free (Collen D. & Lijnen 

H.R. 1994)  to bind to FnBPB. In addition, the PLG-FnBPB interaction does not reduce the ability 

of PLG to be activated by the activators as SAK or tPA. Indeed they can activate PLG bound on the 

surface of S. aureus USA 300 LAC and use it as a proteolytic reactor with the ability to digest the 

artificial substrate S2251 and human FBG, suggesting that binding of PLG to the staphylococcal 

surface does not compromise its biological functionality.  

Interestingly, surface coated cells of USA 300 LAC incubated with PLG even in the absence of 

PLG’s activators maintained an important proteolytic activity both on the artificial substrate (S-

2251) and on the human FBG, while immobilized LAC sak mutant cells, incubated with PLG, did 

not affect the integrity of substrates, suggesting that endogenous SAK could activate PLG. To 
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confirm the above finding the direct expression of SAK by S. aureus strain USA 300 LAC and 

LAC sak mutant was investigated both in cell surface and in TCA-precipitated culture supernatants. 

SAK was detected in both fractions only in USA 300 LAC, instead no SAK was presented in Δsak, 

allowing to conclude that S. aureus can secrete SAK in the culture environment (Arvidson S. et al 

2001) and re-capturing it, acquires the ability to activate adsorbed PLG. The presence of active 

plasmin on the surface of S. aureus cells most likely contributes to the pathogenesis of different 

infections. For example, S. aureus promotes clotting of plasma and this ability constitutes a 

mechanism that support the aggregation, survival and persistence of the bacteria within the fibrin 

network (Loof, T.G et al 2015). Damage to subcutaneous tissue could contribute to the pathogenesis 

of skin soft tissue infections (SSTIs) caused by CA- MRSA (Wang X., et al 2013). Degradation of 

opsonins could contribute to the avoidance of neutrophil-mediated phagocytosis and killing (Attali 

C et al 2008;  Rooijakkers S.H et al 2005). Thus, recruitment of plasmin(ogen) to staphylococcal 

surface may represent an important virulence mechanism leading to effective evasion of 

proteolytically active bacteria from thrombus within the vasculature of the host and to bacterial 

dissemination into deeper tissue sites. To investigate this further requires the employment of 

appropriate animal models, and to test the role of SAK in these processes requires the use of a 

transgenic mouse expressing human PLG. 

In conclusion in my study I have shown that CWA proteins are the dominant bacterial receptors for 

capturing host PLG by S. aureus and I have investigated in detail the mechanism of PLG binding by 

one such CWA protein, FnBPB. Furthermore I have analyzed the intrinsic staphylococcal capacity  

to activate PLG in plasmin and provided evidence that it was the surface associated SAK. 
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ABSTRACT 
 

Staphylococcus aureus  is the causative agent of potentially harmful diseases, like sepsis,  

endocarditis and necrotizing pneumonia and it is also responsible of less severe clinical 

manifestations such as epithelial and mucosal-associated infections. Nowadays, the emergence of 

methicillin (MRSA) as well as  vancomycin-resistant (VRSA) strains is of great concern. In spite of 

the advance in antibiotic  development, treating these  infections remains a huge challenge. The 

surface of Gram-positive pathogenic bacterium Staphylococcus aureus  is decorated with cell wall-

anchored (CWA) proteins, Like several other invasive pathogens S. aureus can capture plasminogen 

from the human host where it can be converted to plasmin by host plasminogen activators or by 

endogenously expressed staphylokinase. Sortase-anchored cell wall associated proteins are 

responsible for capturing the bulk of bound plasminogen. A mutant defective in the sortase enzyme 

responsible for anchoring CWA proteins to the S. aureus cell surface captured 10-fold less PLG 

compared to the wild type indicating that one or more CWA proteins is involved. Two cell wall 

associated proteins, the fibrinogen and fibronectin binding proteins A and B, were found to bind 

plasminogen and one of them, FnBPB, was studied in detail. Plasminogen captured on the surface 

of S. aureus or Lactococcus lactis expressing FnBPB could be activated to the potent serine 

protease plasmin by staphylokinase and tissue plasminogen activator. Plasminogen bound to 

recombinant FnBPB with KD of 0.532 μM as determined by surface plasmon resonance. 

Plasminogen binding did not to occur by the same mechanism of Dock Lock and Latch through 

which FnBPB binds to fibrinogen. Indeed, FnBPB could bind both ligands simultaneously 

indicating that their binding sites do not overlap. The N3 subdomain of FnBPB contains the full 

plasminogen binding site and this comprises, at least in part, two conserved patches of surface-

located lysine residues which were recognized by kringle 4 of the host protein.  

Structural analysis of streptokinase binding to PLG showed that the bacterial zymogen activator 

bound in such a way as to avoid the kringle domains. SAK and streptokinase belong to the same 

protein superfamily even though they share little amino acid sequence similarity so it seems likely 

that they interact with PLG at the same or a similar site leaving kringle 4 free to bind to FnBPB. 

PLG-FnBPB interaction does not reduce the PLG ability to be activated by the activators as SAK or 

tPA. Indeed they can activate PLG bound on the surface of S. aureus USA 300 LAC and use it as a 

proteolytic reactor with the ability to digest the artificial substrate S2251 and human FBG, 

suggesting that binding of PLG to staphylococcal surface does not compromise its biological 

functionality. 
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Moreover SAK both in cell surface and in TCA-precipitated culture supernatants of USA 300 LAC 

was detected, allowing to conclude that S. aureus can capture SAK secreted in the culture 

environment and acquire the ability to active adsorbed PLG in plasmin. 

The presence of active plasmin on the surface of S. aureus cells most likely contributes to the 

pathogenesis of different infections. For example, S. aureus promotes clotting of plasma and this 

ability constitutes a mechanism that support the aggregation, survival and persistence of the within 

the fibrin network (Loof, T.G et al 2015). Damage to subcutaneous tissue could contribute to the 

pathogenesis of skin soft tissue infections (SSTIs) caused by CA- MRSA (Wang X., et al 2013). 

Degradation of opsonins could contribute to the avoidance of neutrophilmediated phagocytosis and 

killing (Attali C et al 2008;  Rooijakkers S.H et al 2005). Thus, recruitment of plasmin(ogen) to 

staphylococcal surface may represent an important virulence mechanism leading to effective 

evasion of proteolytically active bacteria from thrombus capture within the vasculature of the host 

and to bacterial dissemination into deeper tissue sites. To investigate this further requires the 

employment of appropriate animal models, and to test the role of SAK in these processes requires 

the use of a transgenic mouse expressing human PLG. 
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“To accomplish great things, we must not only act, but also dream; 

not only plan, but also believe”. 

Anatole France 
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Staphylococcus aureus is a commensal bacterium that has the
ability to cause superficial and deep-seated infections. Like sev-
eral other invasive pathogens, S. aureus can capture plasmino-
gen from the human host where it can be converted to plasmin
by host plasminogen activators or by endogenously expressed
staphylokinase. This study demonstrates that sortase-anchored
cell wall-associated proteins are responsible for capturing the
bulk of bound plasminogen. Two cell wall-associated proteins,
the fibrinogen- and fibronectin-binding proteins A and B, were
found to bind plasminogen, and one of them, FnBPB, was stud-
ied in detail. Plasminogen captured on the surface of S. aureus-
or Lactococcus lactis-expressing FnBPB could be activated to
the potent serine protease plasmin by staphylokinase and tissue
plasminogen activator. Plasminogen bound to recombinant
FnBPB with a KD of 0.532 !M as determined by surface plasmon
resonance. Plasminogen binding did not to occur by the same
mechanism through which FnBPB binds to fibrinogen. Indeed,
FnBPB could bind both ligands simultaneously indicating that
their binding sites do not overlap. The N3 subdomain of FnBPB
contains the full plasminogen-binding site, and this includes, at
least in part, two conserved patches of surface-located lysine
residues that were recognized by kringle 4 of the host protein.

Staphylococcus aureus colonizes the anterior nares of !25%
of the healthy human population (1, 2). This commensal Gram-
positive bacterium has the ability to cause a plethora of infec-
tions ranging from superficial skin abscesses to serious and
potentially life-threatening invasive diseases such as osteomy-
elitis, endocarditis, and septic arthritis. Strains that are resistant
to multiple antibiotics are associated with infections in hospi-
tals. These are referred to as hospital or healthcare-associated

methicillin-resistant S. aureus (HA-MRSA),4 which have a pro-
pensity to cause bacteremia often associated with biofilm for-
mation on indwelling medical devices (3, 4). Recently a global
epidemic of MRSA has occurred in the community (communi-
ty-associated MRSA (CA-MRSA)) exemplified by USA300
strains such as LAC (5). CA-MRSA strains have fewer antibiotic
resistance determinants than HA-MRSA; they express a lower
level of resistance to !-lactams, and they can survive on human
skin and cause serious skin and soft tissue infections often
requiring hospitalization.

The surface of S. aureus is decorated with proteins that are
covalently anchored to the cell wall by sortases. During the
process of secretion and anchoring to the cell wall peptidogly-
can, the pre-proteins undergo post-translational changes both
at the N terminus to remove the secretory signal sequence and
at the C terminus where sortase recognizes the LPXTG motif,
and it covalently links the COOH of the Thr to the amino group
of the fifth Gly in the nascent cross-bridge of the peptidoglycan
precursor lipid II. Transglycosylation joins the cell wall-associ-
ated (CWA) protein-linked precursor to peptidoglycan (6).

Fig. 1 shows the structural organization of two important
CWA proteins, the fibronectin-binding proteins A and B
(FnBPA and FnBPB), which are members of the microbial sur-
face component recognizing adhesive matrix molecules
(MSCRAMM) family. FnBPs are multifunctional proteins. The
C-terminal fibronectin binding repeats are unstructured and
form a flexible stalk-like region that projects the A domain away
from the cell surface. The N-terminal A domain binds to fibrin-
ogen by the “dock, lock, and latch” mechanism (7, 8) in a similar
fashion to the archetypal MSCRAMM clumping factor A (9). A
hydrophobic trench located between subdomains N2 and N3
accepts the C-terminal peptide of the fibrinogen "-chain. A
flexible region at the C terminus of N3 (the locking and latching
peptide) undergoes a conformational change that locks the
ligand in the trench and forms an additional !-strand in a* This work was supported by Fondazione CARIPLO Grant Vaccines 2009-
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!-sheet in subdomain N2. The A domains of FnBPA and FnBPB
both bind to elastin, most probably involving dock lock and
latch. They can also engage in homophilic interactions to form
dimers, and when two FnBP molecules on neighboring cells
interact, this can lead to cell accumulation during biofilm for-
mation (10). The HA-MRSA strain BH1CC and the CA-MRSA
strain LAC form biofilm that is dependent on FnBPs (11, 12).

Several pathogenic bacteria that cause invasive infections
(Streptococcus pneumoniae, Streptococcus pyogenes, Strepto-
coccus agalactiae, and Borrelia burgdorferi) can capture host
plasminogen (PLG) and allow it to become activated to form
the potent serine protease plasmin (13–19). Surface-bound
plasmin enables bacteria to remove opsonins IgG and C3b, to
degrade fibrin clots, and to promote bacterial spreading by
cleaving tissue components (20 –22).

Plasminogen is a 92-kDa zymogen that includes a PNA-apple
N-terminal domain, five kringle domains (K1–5), and a serine
proteinase catalytic domain (23). The kringle domains mediate
interactions with fibrin clots and surface receptors from both
eukaryotic and bacterial cells (24, 25). Proteolytic activation of
PLG to plasmin occurs through cleavage of the Arg561–Val562

peptide bond in the catalytic domain by the tissue plasminogen
activator (t-PA) and urokinase plasminogen activator. The
cleavage results in the formation of active plasmin enzyme that
contains a serine protease active site in the C-terminal region
(23, 26, 27).

S. aureus can capture PLG on its cell surface where the zymo-
gen can be activated by host t-PA and urokinase, or by staphy-
lokinase, a zymogen activator encoded by a gene located on
lysogenic bacteriophages in S. aureus (28). Surprisingly little is
known about the surface-located proteins of S. aureus that cap-
ture PLG. The second immunoglobulin-binding protein Sbi
and the extracellular fibrinogen-binding protein Efb both occur
in the culture supernatant and are associated non-covalently
with the cell wall and both can bind PLG (29). The membrane-
bound manganese transporter MntC and the moonlighting
cytoplasmic proteins enolase and triose-phosphate isomerase
can also bind PLG (30 –32). However, the biological relevance
of these PLG-binding proteins has never been elucidated.

Surprisingly, the ability of CWA proteins to bind PLG has
never been examined. Here, for the first time we have tested the

ability of CWA proteins to bind PLG and allow it to be activated
to form plasmin. Initially, a sortase A mutant was compared
with the wild type and was found to bind much less PLG. The
FnBPs were found to contribute to the PLG-binding phenotype
and thereafter a detailed analysis of one of these, FnBPB was
undertaken.

Results

S. aureus Cell Wall-anchored Proteins Bind PLG in Human
Plasma—S. aureus cells are known to bind to human PLG, but
the bacterial surface components responsible have not been
identified. To determine whether cell wall-anchored proteins
on the surface of S. aureus contribute to PLG binding, the wild-
type strain LAC and a sortase A-deficient mutant were com-
pared. Bacteria were incubated with different concentrations of
human plasma, and proteins that were bound non-covalently to
the cell surface were dissociated by addition of extraction
buffer, separated by SDS-PAGE under non-reducing condi-
tions, and analyzed by Western immunoblot probing with anti-
PLG IgG. Bacterial cells captured a 90-kDa immunoreactive
protein in a dose-dependent manner (Fig. 2A). Densitometric
analysis of the blots showed that the wild-type strain captured
at least 10-fold more PLG than the sortase A mutant (Fig. 2B).
To exclude the possibility that the markedly reduced capture of
PLG from plasma by the sortase A mutant is due to higher
proteolytic activity, LAC and its srtA mutant were grown to
exponential phase and were incubated with purified PLG, and
the integrity of the protein in the supernatants was then exam-
ined by SDS-PAGE. As expected, the amounts of unbound PLG
in the supernatant from srtA mutant were even higher than that
from the parental strain (data not shown). It can be concluded

FIGURE 1. Schematic diagram of FnBPA and FnBPB structure. The primary
translation products of FnBPA and FnBPB proteins contains a signal sequence
(S) at the N terminus and a wall-spanning region (M) and sorting signal (W) at
the C-terminal end. The N-terminal A region of FnBPA and FnBPB contains
three separately folded subdomains, which are known as N1, N2, and N3.
Structurally, N2 and N3 form IgG-like folds that combined bind ligands such
FBG by the dock, lock, and latch mechanism. Located distal to the A domain is
an unfolded region that contains multiple tandemly arranged motifs (11 in
FnBPA and 10 in FnBPB) that bind to the N-terminal type I modules of
fibronectin and a proline-rich region.

FIGURE 2. Capture of PLG from human plasma by S. aureus. A, S. aureus
strain LAC and LAC srtA were mixed with different concentrations of human
plasma for 60 min. Proteins that were bound to the cell surface were released
by extraction buffer and separated by SDS-PAGE under non-reducing condi-
tions and analyzed by Western immunoblotting. The membranes were
probed with rabbit anti-human PLG followed by HRP-conjugated mouse anti-
rabbit IgG and developed with the ECL Western blotting detection kit. B,
densitometric analysis of PLG bound to S. aureus LAC and the sortase A
mutant as reported in A. The band intensity was quantified relative to a sam-
ple of pure human PLG. The reported data are the mean values ! S.D. from
three independent experiments. Statistically significant differences are indi-
cated (Student’s t test; *, p " 0.05; **, p " 0.01).
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that CWA proteins are the dominant PLG-binding proteins on
the bacterial cell surface and that other surface-located proteins
contribute minimally. To compare the plasmin and plasmino-
gen binding activity of S. aureus, equal quantities of the purified
PLG and plasmin were incubated with LAC cells. After wash-
ing, the bacteria-bound plasmin(ogen) was extracted from the
staphylococcal surface, and the PLG and plasmin in the extracts
were evaluated by ELISA. The results show that bacteria cap-
tured the same level of PLG and plasmin (data not shown).

PLG Bound to the Surface of S. aureus Can Be Activated—The
ability of PLG bound to the surface of S. aureus LAC to be
activated by exogenous or endogenous PLG activators was
tested (Fig. 3). S. aureus LAC is lysogenized by a bacteriophage
that carries the gene for SAK, a known activator of the zymogen
PLG. Human tissue PLG activator was also tested. Bacterial
cells (LAC and LAC srtA) were immobilized on the surface of
microtiter wells and incubated with PLG and then incubated
for 8 h with exogenously purified recombinant SAK (rSAK) or
tPA and the chromogenic plasmin substrate S-2251. The sub-
strate was consumed following incubation with the wild type,
but minimal substrate consumption was seen with LAC srtA
(Fig. 3, A and C). Controls where PLG was omitted did not have
the ability to cleave the substrate. Interestingly, incubation of
wild-type LAC with PLG and S-2251 alone showed a signifi-
cantly higher cleavage of the substrate as compared with the
controls. Conversely, although the level of substrate consump-

tion was significantly lower than that observed with samples
with exogenous SAK or tPA added, the assays reached the same
level if left for longer periods (data not shown).

These data show that PLG bound to the cell surface by CWA
proteins can be activated efficiently by exogenously added
rSAK or tPA (Fig. 3, A and C, respectively), and furthermore,
the immobilized cells can release an endogenous PLG activator,
presumably SAK. Plasmin is a central component of the fibrino-
lytic system and can actively cleave fibrin and FBG. To deter-
mine whether PLG captured by CWA proteins on the surface of
S. aureus can be activated by SAK and cleave FBG, immobilized
S. aureus LAC cells were incubated with PLG. After washing,
rSAK and human FBG were added. The integrity of FBG was
assessed by SDS-PAGE and staining with Coomassie Blue.
After 2 and 4 h of incubation, FBG was progressively cleaved
(Fig. 3B). Samples where rSAK was omitted also cleaved FBG,
which was presumably due to secretion of endogenous SAK
(Fig. 3B, tracks D and F). When cells were incubated with tPA
rather than rSAK, FBG was digested more efficiently. In fact, all
three FBG chains were hydrolyzed compared with the mild hy-
drolysis observed when PLG was activated by SAK. This is
probably due to the different mechanisms of PLG activation
promoted by tPA and SAK, respectively (Fig. 3D) (28).

Captured PLG Can Be Activated by Endogenously Expressed
SAK—To determine whether cleavage of plasmin substrates
S-2251 and whole FBG in the experiments described in Figs. 2

FIGURE 3. PLG captured by S. aureus LAC is functionally active. S. aureus LAC and the srtA mutant were immobilized on the surface of microtiter plates and
then incubated with human PLG for 1 h at 37 °C. After washing, cells were incubated with recombinant SAK (A) or tPA (C) and S-2251 for 8 h, and the activity of
plasmin was determined measuring the absorbance at 415 nm. Controls lacking PLG or activator were included. Data points are the means of three indepen-
dent experiments each performed in triplicate ! S.D. Statistically significant differences are indicated (Student’s t test; *, p " 0.05). S. aureus LAC wild-type cells
were also immobilized on microtiter plates and incubated with human PLG for 1 h at 37 °C. After washing, PLG was activated by addition of rSAK (B) or tPA (D)
and the plasmin substrate FBG. Samples were incubated for 2 or 4 h, and FBG in the fluid phase was subjected to SDS-PAGE and stained with Coomassie Blue.
The figure is the representative of three independent experiments.
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and 3, where exogenous rSAK or tPA was not present, was due
to SAK expressed by the bacterium, a null mutation in the chro-
mosomal sak gene of LAC was constructed (LAC sak). Culture
supernatants and cell surface extracts were examined by SDS-
PAGE and Western immunoblotting using anti-SAK IgG. SAK
was present in the supernatant and is associated with the cell
surface of LAC, and no SAK was detected in fractions from LAC
sak (Fig. 4A). To determine whether endogenously expressed
SAK is responsible for activating captured PLG, wild-type and
mutant cells were compared (Fig. 4B). Cleavage of the substrate
S-2251 was evident with wild-type cells, whereas no cleavage
occurred with the sak mutant. Similarly, wild-type cells could
capture and activate PLG and cleave FBG (Fig. 4C), whereas the
sak mutant was defective. To demonstrate directly that LAC
sak could still capture PLG, bacteria were incubated with dif-

ferent concentrations of plasma, and the amount of PLG cap-
tured was quantified by Western immunoblotting and densi-
tometry (Fig. 4D). No difference in PLG bound to the wild-type
or sak mutant cells was observed. Thus, it can be concluded that
SAK secreted by S. aureus LAC in the supernatant or bound to
the cell surface is capable of activating captured PLG.

Fibronectin-binding proteins A and B Bind PLG—The inabil-
ity of the srtA mutant of S. aureus LAC to capture PLG indi-
cates that one or more sortase-anchored cell wall-associated
protein(s) is involved. To begin the process of identifying which
of the plethora of CWA proteins can bind PLG, purified recom-
binant ligand binding domains of several CWA proteins were
tested by far Western blotting. Proteins were subjected to SDS-
PAGE, and Western blottings were probed with purified
human PLG and anti-PLG IgG. Subdomains N2 and N3 of the

FIGURE 4. S. aureus cells-bound PLG can be activated by endogenous SAK. A, TCA-precipitated culture supernatants and proteins extracted from the cell
surface were subjected to SDS-PAGE and Western immunoblot probing with mouse anti-rSAK IgG and HRP-conjugated rabbit anti-mouse IgG. B, S. aureus LAC
and the sak mutant were immobilized on the surface of microtiter plates and then incubated with human PLG for 1 h at 37 °C. After washing, cells were
incubated with S-2251 for 8 h, and the activity of plasmin was determined by measuring the absorbance at 415 nm. Controls lacking PLG were included. Data
points are the means of three independent experiments each performed in triplicate ! the S.D. C, S. aureus LAC wild-type and sak mutant cells were
immobilized on microtiter plates and incubated with human PLG for 1 h at 37 °C. After washing, the plasmin substrate FBG was added. Samples were incubated
for 2 or 4 h, and FBG in the fluid phase was subjected to SDS-PAGE and stained with Coomassie Blue. The figure is the representative of three independent
experiments. D, S. aureus strain LAC and sak mutant cells were mixed with different concentrations of human plasma for 60 min. Upper panel, proteins that were
bound to the cell surface were released with extraction buffer and separated by SDS-PAGE under non-reducing conditions and analyzed by Western immu-
noblotting. The membranes were probed with rabbit anti-human PLG followed by HRP-conjugated mouse anti-rabbit IgG. Lower panel, densitometric analysis
of released PLG. The band intensities were quantified relative to a sample of pure human PLG. The reported data are the mean values from three independent
experiments.
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N-terminal A regions of both fibronectin-binding proteins
FnBPA and FnBPB bound PLG, whereas the A domains of
clumping factors A and B (ClfA and ClfB), the bone sialopro-
tein-binding protein, and the plasmin-sensitive protein did not
(Fig. 5B). To investigate whether FnBPA and FnBPB are the sole
PLG-binding proteins of S. aureus LAC, a mutant that lacks
both proteins was tested for PLG capture. No statistically sig-
nificant difference between the wild type and the fnbA fnbB
mutant was seen (Fig. 5C), which indicates that one or more
CWA protein(s) in addition to FnBPA and FnBPB can bind
PLG. Strain LAC expresses low levels of FnBPs compared with
the HA-associated strain BH1CC (12), so we decided to deter-
mine whether FnBPs contribute to PLG capture when FnBPs
are highly expressed. Strain BH1CC showed higher PLG bind-
ing than LAC (Fig. 5D), and BH1CC-bound PLG that was acti-

vated by either SAK or tPA cleaved more efficiently the artificial
substrate S2251 compared with the LAC strain (data not
shown). The fnbA fnbB mutant of BH1CC captured signifi-
cantly less PLG than the parental strain (Fig. 5D) showing the
importance of FnBPs to the phenotype. Likewise, fnbA fnbB
mutants of 8325-4 and LS1 showed a significantly lower ability
to capture PLG from plasma. Furthermore, the fnbA fnbB
deletion mutant of LAC that was transformed with a plasmid
bearing either the fnbA or fnbB gene, which overexpressed
FnBPA or FnBPB, respectively, showed a much higher
potential to capture plasma PLG that the parental strain
(Table 1). All together these data indicate that FnBPA and
FnBPB represent critical PLG receptors in S. aureus. In con-
trast, as reported for LAC, FnBPA and FnBPB apparently do
not seem to be the predominant PLG-binding proteins in

FIGURE 5. Recombinant cell wall-anchored proteins binding to PLG. Purified recombinant A domains of several CWA proteins of S. aureus were subjected
to SDS-PAGE and either stained with Coomassie Blue (A) or transferred to a nitrocellulose membrane (B) and probed with human PLG followed by rabbit
anti-PLG serum and then HRP-conjugated goat anti-rabbit IgG. C, S. aureus strains LAC and its fnbA/fnbB double mutant cells (upper panel) were mixed with
different concentrations of human plasma for 60 min. Proteins that were bound to the cell surface were released by extraction buffer and separated by
SDS-PAGE under non-reducing conditions and analyzed by Western immunoblotting. The membranes were probed with rabbit anti-human PLG followed by
HRP-conjugated mouse anti-rabbit IgG and developed with the ECL Western blotting detection kit. D, similar experiment was performed with strain BH1CC and
its fnbA/fnbB double mutant (upper panel). Densitometric analysis of PLG bound to the strains (lower panels of C and D). The band intensity was quantified
relative to a sample of pure human PLG. The reported data are the mean values ! S.D. from three independent experiments. In the insets the material released
by treatment of bacteria with lysostaphin was subjected to Western blotting and probed with FN. Statistically significant differences are indicated (Student’s
t test; *, p " 0.05; **, p " 0.01).
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strains P1 and SH1000, suggesting that additional CWA pro-
teins are involved (Table 1).

Lactococcus lactis-expressing FnBPB Can Capture PLG—To
study FnBPB in isolation from other S. aureus CWA proteins, a
strain of L. lactis-expressing FnBPB from a gene cloned into the
plasmid vector pNZ8037 was used. L. lactis pNZ8037::fnbB and
the same strain carrying the empty vector were immobilized in
microtiter wells and incubated with PLG, and following the
washing steps, the chromogenic plasmin substrates S-2251 and
rSAK (Fig. 6A) or tPA (Fig. 6C) were added. Cleavage of the
substrate was observed, whereas the cells bearing the empty
vector had no activity. It should be noted that this system was
somewhat less active than S. aureus LAC cells. L. lactis
(pNZ8037::fnbB) cells were also incubated with FBG and rSAK
(Fig. 6B) or tPA (Fig. 6D). SDS-PAGE analysis showed that FBG
was cleaved by the FnBPB-expressing cells and not by those
carrying the empty vector. These experiments show that L. lac-
tis cells normally lack the ability to capture PLG and that FnBPB
expressed on the bacterial cell surface can capture PLG in a
form that can be activated by exogenous PLG activators.

PLG and FBG Bind FnBPB at Distinct Sites—The A domain
of FnBPB binds to FBG by the dock, lock, and latch mechanism.
To determine whether PLG and FBG bind FnBPB at the same or
distinct sites, rFnBPB(163– 480) was immobilized onto the sur-
face of microtiter wells and tested for binding to saturating
concentrations of PLG in the presence of increasing amounts of
FBG by ELISA-type assay. Bound PLG was detected with spe-
cific antibodies, and the amount of PLG bound did not change
as the concentration of FBG added increased (Fig. 7A). A simi-
lar result was obtained when saturating concentrations of FBG
were tested in the presence of increasing amounts of PLG (Fig.
7B). In both panels, dose-dependent binding of increasing
amounts of either FBG or PLG to FnBPB was also reported.
Together, these data indicate that PLG and FBG bind to distinct
sites on the A domain of FnBPB without steric hindrance. The

failure of FBG to interfere with rFnBPB binding to PLG sug-
gested that the ligands bind to different sites within the A
domain of the protein. To investigate whether the dock, lock,
and latch mechanism is involved in PLG binding and to further
localize its binding site, variants of the recombinant A domain
were tested for ligand binding in solid phase ELISA-type assays.
A truncate lacking 17 residues at the C terminus of subdomain
N3 that is involved in the locking and latching steps of the dock,
lock, and latch mechanism (rFnBPB(163– 463)) and a protein
carrying amino acid substitutions in residues Asn-312 and Phe-
314 of the FnBPB fibrinogen-binding trench (rFnBPB(163–
480)-N312A/F314A) were tested for binding to FBG and PLG
(Fig. 8, A–D). Neither the C-terminal truncate nor the trench
mutant could bind FBG, but each bound PLG dose-depen-
dently and saturably in a manner that was indistinguishable
from rFnBPB(163– 480). This confirms that PLG does not
bind to the FnBPB A domain using the dock, lock, and latch
mechanism. Finally, subdomains N2 and N3 were expressed
separately (N2 subdomain rFnBPB(163–308) and N3 sub-
domain rFnBPB(309 – 480)) and tested for binding to PLG and
FBG (Fig. 8, E and F). Neither subdomain N2 nor N3 bound
FBG detectably, whereas subdomain N3 bound PLG dose-
dependently and saturably with the same profile as N2N3
(rFnBPB(163– 480)), which is also consistent with the two
ligands binding to FnBPB at different non-overlapping sites.
This suggests that the PLG-binding site of FnBPB is contained
within the N3 subdomain.

Measurement of the Dissociation Constant of FnBPB Binding
to PLG by Surface Plasmon Resonance—The affinity of the
FnBPB for PLG was measured by surface plasmon resonance.
Purified rFnBPB(163– 480) was immobilized onto the surface
of a dextran chip, and PLG was passed over the chip in concen-
trations ranging from 0.78 to 5 !M (Fig. 9). The KD for the
interaction was 0.532 ! 0.028 !M, an affinity that is nearly
4-fold higher than the interaction between FnBPB and FBG
(33).

Localization of the Binding Sites within PLG and FnBPB—
PLG binds to the N3 subdomain of FnBPB that was cloned from
S. aureus 8325-4. There are seven isoforms of FnBPB N2N3
subdomains with amino acid sequence identities ranging from
61 to 85% (33). FnBPBs from strains 8325-4, LAC, and BH1CC
have identical amino acid sequences and belong to isoform I.
Each of the seven isoforms retains the ability to bind FBG,
fibronectin, and elastin (33). The recombinant N2N3 sub-
domains of isoforms II–VII were purified and tested for their
ability to bind to PLG in an ELISA-type assay. Each isoform
bound PLG similarly to isoform I (Fig. 10A).

PLG binding to its natural ligands is attributed to strong
affinity of kringle domain(s) for lysine-rich regions of target
proteins. To investigate whether lysine residues are important
in binding to FnBPB isoform I, PLG binding assays were per-
formed with the recombinant bacterial protein in the pres-
ence of lysine and the lysine analog "-aminocaproic acid
(EACA). Both molecules caused dose-dependent and com-
plete inhibition of the interaction, with EACA being far more
potent (Fig 10B).

The structure of the N3 subdomain of FnBPB isoform I was
modeled on the x-ray crystal structure of the related protein

TABLE 1
Capture of PLG from human plasma by S. aureus strains
S. aureus strains and their fnbA/fnbB mutants were mixed with 5% diluted human
plasma for 60 min. Proteins that were bound to the cell surface were released by
extraction buffer and separated by SDS-PAGE under non-reducing conditions and
analyzed by Western immunoblotting. The membranes were probed with rabbit
anti-human PLG followed by HRP-conjugated mouse anti-rabbit IgG and devel-
oped with the ECL Western blotting detection kit. The densitometric analysis of
PLG bound to S. aureus strains was performed as reported under “Experimental
Procedures.” The band intensity was quantified relative to a sample of pure PLG (5
!g, 100% intensity). Statistically significant differences between WT strains and
their corresponding mutants are indicated (Student’s t test; **, p " 0.01).

Bacterial strain
Band intensity (% PLG bound,

mean ! S.D.)
LAC 110 ! 10
LAC #fnbA/fnbB 95 ! 15
LAC #fnbA/fnbB pFNBA4 205 ! 12a

LAC #fnbA/fnbB pFNBB4 195 ! 20a

BH1CC 150 ! 15
BH1CC #fnbA/fnbB 62 ! 6a

P1 115 ! 12
P1 #fnbA/fnbB 96 ! 8
8325–4 106 ! 15
8325-4 #fnbA/fnbB 47 ! 4a

LS1 165 ! 13
LS1 #fnbA/fnbB 58 ! 9a

SH1000 108 ! 10
SH1000 #fnbA/fnbB 105 ! 12

a Statistically significant differences between WT strains and their corresponding
mutants are indicated (Student’s t test; p " 0.01).
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FnBPA. Amino acid sequence alignments of isotypes I–VII of
FnBPB were used to identify conserved lysine residues in sub-
domain N3. The conserved lysine residues were visualized
using the molecular model, and two conserved lysine-rich sur-
face regions were identified. Alanine substitutions were iso-
lated in site 1 (Lys-330, Lys-334, and Lys-362) and site 2 (Lys-
342, Lys-374, and Lys-423) and then combined to form a double
site 1-site 2 mutant. The variants were tested for their ability to

bind to PLG and FBG. Both site 1 and site 2 mutants showed a
significant reduction in binding to PLG, a difference that was
even greater when site 1 and site 2 substitutions were com-
bined. In contrast, FBG binding was not reduced significantly
(Fig. 10C). This is consistent with PLG and FBG binding to
FnBPB A domain at different sites.

To determine which part of the PLG protein binds FnBPB,
truncates comprising kringles 1–3 and 1– 4, and mini-PLG,

FIGURE 6. Activation of PLG bound to L. lactis-expressing FnBPB. L. lactis-expressing FnBPB (pNZ8037fnbB) and cells carrying the empty vector were
immobilized in microtiter plates and incubated with PLG for 1 h at 37 °C. After washing, cells were incubated with rSAK (A) or tPA (C) and the chromogenic
plasmin substrate S-2251 for 8 h. The activity of plasmin was determined measuring the absorbance at 415 nm. The data points are the means (!S.D.) of three
independent experiments each performed in triplicate. Immobilized L. lactis-expressing FnBPB and cells carrying the empty vector were also incubated with
PLG for 1 h at 37 °C. After washing, cells were incubated with FBG and rSAK (B) or tPA (D) for 2 and 4 h. Controls lacking rSAK or tPA were included (tracks A and
B). The fluid was analyzed by SDS-PAGE followed by staining with Coomassie Blue.

FIGURE 7. Binding of FnBPB to PLG in the presence of FBG. A, rFnBPB was immobilized on the surface of microtiter wells. Saturating concentrations of PLG
were added along with increasing concentrations of FBG. Bound PLG was detected with rabbit anti-PLG followed by HRP-conjugated goat anti-rabbit IgG (full
squares). In the same panel, binding of increasing amounts of FBG to the wells is also reported (open dots). Bound FBG was detected with mouse anti-FBG serum
followed by HRP-conjugated rabbit anti-mouse IgG. The data points are the means ! S.D. of three independent experiments each performed in triplicate. B,
ELISA-type assay with rFnBPB immobilized on the surface of microtiter wells. Saturating concentrations of FBG were added along with increasing concentra-
tions of PLG. Bound FBG was detected with mouse anti-FBG followed by HRP-conjugated rabbit anti-mouse IgG (full squares). The panel shows binding of
increasing amounts of PLG to the wells (open dots). Bound proteins were detected with specific antibodies as in A. The data points are the means (!S.D.) of three
independent experiments each performed in triplicate.
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FIGURE 8. PLG binding to FnBPB(163– 480) and its derivatives. Truncated variants of rFnBPB A domain were immobilized in microtiter plate wells and tested
for binding to PLG (A, C, and E) or FBG (B, D, and E). Bound PLG was detected with rabbit antibodies to human PLG followed by HRP-conjugated goat anti-rabbit
IgG. Bound FBG was detected with mouse antibodies to human FBG followed by HRP-conjugated rabbit anti-mouse IgG. Immobilized proteins: A and B,
C-terminal truncate lacking the lock and latch regions (rFnBPB(163– 463)); C and D, amino acid substitution mutant in the ligand-binding trench (rFnBPB(163–
480) N321A/F314A); E and F, N2 and N3 subdomains rFnBPB(163–308) and rFnBPB(309 – 480). The data points are the means (!S.D.) of three independent
experiments each performed in triplicate.

FIGURE 9. FnBPB binds PLG with high affinity. Surface plasmon resonance analysis of the interaction of rFnBPB(163– 480) with PLG. Representative sensor-
grams display binding of PLG to and dissociation from rFnBPB(163– 480). The affinity was calculated from curve fitting to a plot of the response unit values
against concentrations of PLG (inset). The figure shows one representative of three experiments.
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which is composed of kringle 5 along with C-terminal residues,
were tested for binding to the bacterial protein. Kringles 1–3
and kringle 5 failed to bind FnBPB, whereas kringles 1– 4 bound
similarly to full-length PLG. Thus, kringle 4 seems to be the sole
binding domain within PLG for FnBPB (Fig. 10D).
Discussion

S. aureus, like other invasive pathogens such as S. pneu-
moniae (13, 14), S. pyogenes (15, 16), and S. agalactiae (17, 34,
35) can capture PLG from human plasma. Staphylococcal pro-
teins that bind the human protein have been described previ-
ously, the secreted and wall-associated protein Sbi (29), the
MntC (30), and the moonlighting cytoplasmic protein enolase
(31), but the biological significance of these interactions is not
clear because experiments were performed either with purified
protein in vitro or with cell lysates.

Here, we have shown for the first time that sortase A-an-
chored cell wall-associated proteins are the dominant PLG-
binding proteins on the S. aureus cell surface. A sortase A
mutant of S. aureus LAC bound at least a 10-fold lower level of
PLG than the wild type. It is noteworthy that PLG captured
from human plasma could be activated by exogenously added
tissue PLG activator t-PA and SAK.

Two CWA proteins, FnBPA and FnBPB, were shown to bind
PLG in vitro and in the case of FnBPB when expressed on the
surface of the surrogate host L. lactis. However, deletion
mutants of S. aureus USA300 LAC, P1, and SH1000 lacking
FnBPs bound the same level of PLG as the parental strain,
although mutants of BH1CC, 8325-4, and LS1 showed at least a
50% reduction in PLG binding, indicating that one or more of
the other CWA proteins are also important. Thus, the contri-
bution of FnBPs to PLG capture will vary depending on strain
background and the level of fnbA fnbB gene expression, some-
thing that is influenced by the growth conditions of the bacte-
rium. To identify the repertoire of PLG binding CWA proteins
and to determine their relative importance in the capacity of the
bacterium to bind PLG, it would be necessary to express recom-
binantly all 23 sortase-anchored proteins and to test them by far
Western blotting and/or ELISA. This would need to be backed
up by the isolation of mutants defective in the candidate pro-
teins, both singly and in combination.

The A domain of FnBPB was chosen for detailed analysis of
PLG binding. This domain can bind to FBG by the dock, lock,
and latch mechanism (8). We have shown that PLG and FBG
bind FnBPB at distinct non-overlapping sites and that PLG

FIGURE 10. A, recombinant N2N3 subdomains of isoforms I–VII of FnBPB were immobilized in microtiter plate wells and tested for binding to PLG. Bound PLG
was detected with rabbit antibodies to human PLG followed by HRP-conjugated goat anti-rabbit IgG. The data points are the means ! S.D. of three indepen-
dent experiments each performed in triplicate. B, rFnBPB(163– 480) was immobilized onto microtiter plates and incubated with PLG in the presence of
increasing concentrations of lysine and the lysine analog !-aminocaproic acid. PLG bound to FnBPB was detected with a mouse polyclonal PLG antiserum and
HRP-conjugated anti-rabbit IgG. Binding of PLG by FnBPB in the absence of inhibitor was set to 100%. Values represent the means of three separate experi-
ments performed in triplicate, and error bars show S.D. C, microtiter plates coated with FnBPB(163– 480) and its isoforms mutated at site 1, site 2, or both sites
were incubated with PLG or FBG. Bound PLG was detected with rabbit antibodies followed by HRP-conjugated goat anti-rabbit IgG. Bound FBG was detected
with mouse antibody followed by HRP-conjugated rabbit anti-mouse IgG. Binding of each ligand to the variants was expressed as percentage of the controls
where binding of PLG or FBG to FnBPB(163– 480) was set to 100%. The data points are the means ! S.D. of three independent experiments each performed in
triplicate. Statistically significant differences are indicated (Student’s t test; *, p " 0.05; **, p " 0.01). D, microtiter plates coated with FnBPB(163– 480) were
incubated with equimolar concentrations of PLG or PLG fragments K1–K3, K1–K4, and mini-PLG. PLG and the fragments bound to FnBPB were detected by
incubation of the plates with a rabbit PLG antibody followed by goat HRP-conjugated secondary IgG. Three independent experiments were conducted in
triplicate, and graphs represent means ! S.D.
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binding does not involve the dock, lock, and latch mechanism.
This is important because PLG and FBG are both components
of blood plasma. FnBPB can simultaneously capture both PLG
and FBG (a substrate for plasmin, once plasminogen becomes
activated).

The PLG-binding site is confined to subdomain N3, and it
does not overlap the FBG-binding site, and variants of the
recombinant A domain with substitutions at two distinct con-
served lysine-rich sites in subdomain N3 bound PLG with
reduced affinity. X-ray crystal structure analysis of the FnBPB-
PLG complex will provide molecular details of the interaction.
The seven distinct isoforms of FnBPB each bound PLG with
similar affinities in solid phase assays. This attests to the idea
that PLG binding is an important property that has been
retained during diversification of the N3 subdomain surface
residues. It will be interesting to compare PLG binding by
FnBPA and its seven isoforms.

Our data indicate that kringle 4 probably comprises the only
binding domain within PLG for FnBPB and that this binds the
two lysine-rich patches within subdomain N3 of FnBPB. Struc-
tural analysis of streptokinase binding to PLG showed that the
bacterial zymogen activator bound in such a way as to avoid the
kringle domains. SAK and streptokinase belong to the same
protein superfamily even though they share little amino acid
sequence similarity (36), so it seems likely that they interact
with PLG at the same or a similar site leaving kringle 4 free to
bind to FnBPB. It would be interesting to determine whether
SAK can bind to and displace PLG from the FnBPB and stimu-
late the release of active plasmin or whether the host protease
remains attached to the cell-bound MSCRAMM.

The presence of active plasmin on the surface of S. aureus
cells most likely contributes to the pathogenesis of different
infections. For example, degradation of host- or SAK-pro-
moted fibrin clots could help bacteria to spread (37). Damage to
subcutaneous tissue could contribute to the pathogenesis of
skin soft tissue infections caused by CA-MRSA (38). Degrada-
tion of opsonins could contribute to the avoidance of neutro-

phil-mediated phagocytosis and killing (20 –22). To investigate
this further requires the employment of appropriate animal
models, and to test the role of SAK in these processes requires
the use of a transgenic mouse expressing human PLG.

In summary, we have shown that CWA proteins are the dom-
inant bacterial receptors for capturing host PLG by S. aureus,
and we have investigated in detail the mechanism of PLG bind-
ing by one such CWA protein FnBPB.

Experimental Procedures

Bacterial Strains and Culture Conditions—All strains are
listed in Table 2 (39 – 47). S. aureus was grown in brain heart
infusion broth (VWR International Srl, Milan, Italy) at 37 °C
with shaking. L. lactis cells carrying the expression vector
(pNZ8037) alone or harboring the fnbB gene (pNZ8037::fnbB)
were grown overnight in M17 medium (Difco, Detroit, MI) sup-
plemented with 10% lactose, 0.5% glucose, and chlorampheni-
col (10 !g/ml) at 30 °C without shaking. Cultures were diluted
1:100 in the above medium and allowed to reach exponential
phase. Nisin (6.4 ng/ml) was added, and cultures were allowed
to grow overnight at 30 °C without shaking. In those experi-
ments, where a defined number of cells were used, bacteria
were harvested from the cultures by centrifugation, washed and
suspended in PBS, and counted in a Petroff-Hausser chamber.
Escherichia coli TOPP3 transformed with vector pQE30 (Strat-
agene, La Jolla, CA) or derivatives were grown in Luria agar and
Luria broth (VWR) containing 100 !g/ml ampicillin.

Plasmid and DNA Manipulation—Plasmid DNA (Table 3)
was isolated using the Wizard!Plus SV miniprep kit (Promega,
Madison, WI), according to the manufacturer’s instructions,
and finally transformed into E. coli TOPP3 cells using standard
procedures (48). Transformants were screened by restriction
analysis and verified by DNA sequencing (Eurofins Genomics,
Milan, Italy). Chromosomal DNA was extracted using the bac-
terial genomic DNA purification kit (Edge Biosystems, Gaith-
ersburg, MD). DNA encoding residues 163– 480 of FnBPB
incorporating alanine substitutions in site 1 (residues Lys-330,

TABLE 2
Bacterial strains
Abbreviations used are as follows: Emr, erythromycin resistance; Tcr, tetracycline resistance; Cmr, chloramphenicol resistance.

Bacterial strains Relevant properties Reference
S. aureus

LAC Community-associated MRSA of USA300 lineage 5
LAC !fnbA fnbB Deletion of fnbA and fnbB genes isolated by allelic exchange 12
LAC !fnbA fnbB (pFNBA4) Mutant transformed with plasmid-expressing FnBPA 12
LAC !fnbA fnbB (pFNBB4) Mutant transformed with plasmid-expressing FnBPB 12
LAC srtA Mutant of LAC defective in sortase A. Transduction of srtA::Emr mutation from strain Newman into an

erythromycin-sensitive derivative of LAC
This study

LAC sak Mutant of LAC defective in staphylokinase. Transduction of sak::Tn Emr from the Nebraska transposon
mutant library strain JE2 sak::Tn into an erythromycin-sensitive derivative of LAC

This study

8325-4 NCTC8325 cured of three prophages 39
8325-4 fnbA fnbB fnbA::Tcr fnbB::Emr mutations isolated by allelic exchange 40
BH1CC Hospital-associated MRSA 3
BH1CC fnbA fnbB fnbA::Tcr fnbB::Emr mutations transduced from 8325-4 fnbA fnbB 3
P1 Rabbit passaged strain derived from ATCC25923 41
P1 fnbA fnbB fnbA::Tcr fnbB::Emr mutations transduced from 8325-4 fnbA fnbB 42
LS1 Isolate from spontaneous outbreak of septic arthritis in mouse colony 43
LS1 fnbA fnbB fnbA::Tcr fnbB::Emr mutations transduced from 8325-4 fnbA fnbB 44
SH1000 rbsU restored in 8325-4 45
SH1000 fnbA fnbB fnbA::Tcr fnbB::Emr mutations transduced from 8325-4 fnbA fnbB This study

L. lactis
L. lactis NZ9800 (pNZ8037) Expression vector with nisin-inducible promoter, Cmr 46
L. lactis NZ9800
(pNZ8037fnbB)

fnbB gene cloned in pNZ8037 Cmr 47
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Lys-334, and Lys-362), site 2 (Lys-342, Lys-374, and Lys-423),
or site 1 and 2 substitutions combined was synthesized as
g-Block! double-stranded DNA fragments by Integrated DNA
Technologies (Coralville, IA). Primers rFnBPB(163– 480)F and
rFnBPB(163– 480)R (Table 4) were used to amplify the
sequence for cloning into pQE30. Restriction digests and liga-
tions were carried out using enzymes from New England Bio-
labs (Ipswich, MA) according to the manufacturer’s protocols.
Oligonucleotides were purchased from Integrated DNA Tech-
nologies (Leuven, Belgium) and are listed in Table 4. DNA puri-
fication was carried out using the Wizard!SV gel and PCR
clean-up system (Promega).

Expression and Purification of Recombinant Proteins—Re-
combinant proteins FnBPB(163–308), FnBPB(309 – 480), and
FnBPB(163– 463) latch truncated were expressed from pQE30
(Qiagen, Chatsworth, CA) in E. coli TOPP3 (Stratagene). Over-
night starter cultures were diluted 1:50 in Luria broth con-
taining ampicillin (100 !g/ml) and incubated with shaking
until the culture reached an optical density at 600 nm (A600)
of 0.4 – 0.6. Recombinant protein expression was induced by
addition of isopropyl 1-thio-"-D-galactopyranoside (0.5 mM)
and continued for 2 h. Bacterial cells were harvested by
centrifugation and frozen at !80 °C and purified from cell
lysates by Ni"2-affinity chromatography on a HiTrap chelat-
ing column (GE Healthcare). Recombinant FnBPB isotypes
(33), FnBPB(163– 480) N312A/F314A trench mutant (8),
FnBPA(194 –511) (49), ClfA(221–559) (50), ClfB(201–542)
(51), bone sialoprotein-binding protein(40 –599) (52), and plas-
min-sensitive protein(49 – 694) (53), were each previously
expressed with His6 N-terminal affinity tags using E. coli vec-
tors and purified on a HiTrap chelating column (GE Health-
care) by Ni2"-chelate chromatography as described above. The
E. coli clone expressing recombinant SAK protein was gener-
ously provided by Dr. S. H. M. Rooijakkers, University Medical
Center Utrecht, The Netherlands, and the SAK protein was
purified according to the methods described for isolation of
CHIPS by De Haas et al. (54). Protein purity was assessed to be
98% by SDS-PAGE, Coomassie Brilliant Blue staining, and den-

sitometry analysis. A bicinchoninic acid protein assay (Pierce)
was used to measure concentrations of purified proteins.

Proteins—Human PLG was purified from plasma by affinity
chromatography on a Lys-Sepharose column (55). Human FBG
was obtained from Calbiochem. FBG was further purified on a
gelatin-Sepharose column to remove contaminating fibronec-
tin (FN). Human FN was purified from plasma by a combina-
tion of gelatin- and arginine-Sepharose affinity chromatogra-
phy. To exclude the presence of trace amounts of
contaminants, affinity-purified FN was spotted onto nitrocel-
lulose membranes at different concentrations and overlaid with
anti-FBG and anti-PLG antibodies (56). The purity of the pro-
teins was assessed by 7.5–12.5% SDS-PAGE and Coomassie
Brilliant Blue staining. Kringle 1–3 and Kringle 1– 4 were pur-
chased from Sigma and MyBiosource (San Diego), respectively.
The mini-PLG (residues Val442-Asn790) was obtained by diges-
tion of PLG with porcine pancreatic elastase (Sigma), as
described previously (57, 58). Unless stated otherwise, all other
reagents were purchased from Sigma.

Human Plasma—Normal human plasma was prepared from
freshly drawn blood obtained from healthy volunteers with
informed consent and permission of the ethical board of the
University of Pavia (permit no. 19092013). After centrifugation,
the plasma fraction was frozen in aliquots and stored at !20 °C.

Antibodies—Polyclonal antiserum against purified PLG was
raised in a rabbit by routine immunization procedures using
purified human PLG as antigen. Polyclonal antisera against
human FBG or recombinant SAK were raised in mice using
purified or recombinant SAK as antigens. Purification of rabbit
or mouse antibodies from sera was performed by affinity chro-
matography using protein G-Sepharose columns (GE Health-
care, Buckinghamshire, UK). The anti-human FN rabbit poly-
clonal IgG was purchased from Pierce. Rabbit anti-mouse or
goat anti-rabbit horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies were purchased from Dako Cytomation
(Glostrup, Denmark).

ELISA-type Solid-phase Binding Assays—The ability of
immobilized proteins (FnBPB(163– 480) and its derivatives) to

TABLE 3
Plasmids
Abbreviation used is as follows: AmpR ampicillin resistance.

Plasmid Features Marker
Source/

Reference
pQE30 E. coli vector for the expression of hexa-His-tagged

recombinant proteins
AmpR Qiagen

pQE30::rFnBPB(163–480) pQE30 derivative encoding the N2N3 subdomain of FnBPB
from S. aureus 8325–4

AmpR 8

pQE30::rFnBPB(163–480)
site 1

pQE30 derivative encoding the N2N3 incorporating alanine
substitutions in site1 (residues Lys-330, Lys-334, and Lys-362)

AmpR This study

pQE30::rFnBPB(163–480)
site 2

pQE30 derivative encoding the N2N3 incorporating alanine
substitutions in site2 (residues Lys-342, Lys-374, and Lys-423)

AmpR This study

pQE30::rFnBPB(163–480)
site 3

pQE30 derivative encoding the N2N3 incorporating alanine
substitutions site 1 and 2 substitutions combined

AmpR This study

pQE30::rFnBPB(163–463) pQE30 derivative encoding residues 163–463 of FnBPB from S.
aureus 8325–4

AmpR 8

pQE30::rFnBPB(163–480)
N312A/F314A

pQE30 derivative encoding the N2N3 subdomain of FnBPB
from S. aureus 8325-4 with mutations encoding the changes
N312A and F314A

AmpR 8

pQE30::rFnBPB(163–308) pQE30 derivative encoding the N2 subdomain of FnBPB from S.
aureus 8325–4

AmpR This study

pQE30::rFnBPB(309–480) pQE30 derivative encoding the N3 subdomain of FnBPB from S.
aureus 8325–4

AmpR This study
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bind to soluble ligands (PLG or FBG) was determined using
ELISA. Microtiter wells were coated overnight at 4 °C with 0.5
!g/well of the appropriate protein in 0.1 M sodium carbonate,
pH 9.5. The plates were washed with 0.5% (v/v) Tween 20 in
PBS (PBST). To block additional protein-binding sites, the
wells were treated for 1 h at 22 °C with bovine serum albumin
(BSA, 2% v/v) in phosphate-buffered saline (PBS). The plates
were then incubated for 1 h with the appropriate amounts of the
ligand. After several washings with PBST, 0.5 !g of the specific
anti-ligand rabbit/mouse IgG in BSA (1% v/v) was added to the
wells and incubated for 90 min. The plates were washed incu-
bated for 1 h with HRP-conjugated anti-rabbit or anti-mouse
IgG diluted 1:1000. After washing, o-phenylenediamine dihy-
drochloride was added, and the absorbance at 490 nm was
determined using an ELISA plate reader.

To identify PLG kringle(s) involved in FnBPB(163– 480)
binding, microtiter plates were coated with 0.5 !g of
FnBPB(163– 480) per well and incubated with PLG, PLG frag-
ments K1-K3, K1-K4, or mini-PLG (1 !M). Proteins bound to
FnBPB(163– 480) were detected by mouse PLG antibody fol-
lowed by goat HRP-conjugated secondary IgG.

The effect of lysine and lysine analog EACA on FnBPB(163–
480)/PLG interaction was examined incubating recombinant
FnBPB(163– 480) immobilized onto microtiter plates (0.5
!g/well) with 1 !g of purified PLG in the presence of increasing
concentrations of lysine or EACA. PLG bound to FnBPB was
detected with mouse polyclonal PLG antiserum and HRP-con-
jugated anti-rabbit IgG.

SDS-PAGE and Western Immunoblotting and Far Western
Immunoblotting—Samples for analysis by SDS-PAGE were
boiled for 3 min in sample buffer (0.125 M Tris-HCl, 4% (w/v)
SDS, 20% (v/v) glycerol, 10% (v/v) "-mercaptoethanol, 0.002%
(w/v) bromphenol blue) and separated by 10 –15% (w/v) PAGE.
The gels were stained with Coomassie Brilliant Blue (Bio-Rad).
For Western immunoblotting, proteins were subjected to SDS-
PAGE and electroblotted onto a nitrocellulose membrane (GE
Healthcare), and the membrane was blocked overnight at 4 °C
with 5% (w/v) skim milk (Sigma) in PBS. Blotted proteins were
probed with rabbit polyclonal antibody against human PLG
(1:5000) or mouse polyclonal antibody against SAK (5 !g/ml)
for 1 h at 22 °C. Following washes with PBST, the membrane
was incubated for 1 h with either HRP-conjugated goat anti-
rabbit IgG (1:10,000) or rabbit anti-mouse IgG (1:10,000).
Finally, blots were developed using the ECL Advance Western
blotting detection kit (GE Healthcare), and an ImageQuantTM

LAS 4000 mini-biomolecular imager (GE Healthcare) was used
to capture images of the bands. When recombinant staphylo-
coccal proteins were subjected to SDS-PAGE and far Western

blotting, membranes were incubated with 1 !g/ml PLG in
PBST for 1 h at 22 °C and washed, and the complexes were
detected with anti-PLG antibody as reported above.

Preparation of Cell Surface-bound Proteins and TCA-precip-
itated Culture Supernatants—S. aureus USA300 was grown to
exponential phase and washed, and !1 " 108 cfu were incu-
bated for 1 h with the indicated concentrations of human
plasma. Cells were harvested by centrifugation, washed with
PBS, treated with extraction buffer (125 mM Tris-HCl, pH
7.0, containing 2% SDS) (10 !l/mg wet weight of pellet) (59),
for 3 min at 95 °C, and then centrifuged at 10,000 " g for 3
min. The supernatants were subjected to 10% PAGE under
non-reducing conditions and transferred to a nitrocellulose
membrane. The membrane was incubated with rabbit anti-
PLG IgG followed by HRP-conjugated secondary antibody.
The band intensities were quantified relative to the PLG
sample (5 !g, 100% intensity) with the Quantity One soft-
ware (Bio Rad, Milan, Italy).

To detect SAK on the surface of S. aureus USA300 LAC and
LAC sak, bacteria were treated with extraction buffer, heated at
95 °C for 3 min, and subjected to 15% SDS-PAGE and Western
blotting. SAK was detected by incubation with mouse anti-SAK
IgG followed by a rabbit HRP-conjugated secondary antibody.
Bacteria grown to exponential phase were removed from cul-
tures by centrifugation at 4000 " g for 5 min, and the superna-
tant was concentrated by treatment with 20% trichloroacetic
acid (TCA) (v/v) at 4 °C for 30 min. The precipitates were col-
lected by centrifugation at 10,000 " g for 10 min, washed with
acetone, dissolved in the sample buffer, boiled for 3 min and
finally subjected to 15% SDS-PAGE and Western blotting. SAK
was detected as reported above.

Release of Cell Wall-anchored Proteins from S. aureus and
Detection of Fibronectin Binding Activity—To release cell wall-
anchored proteins from S. aureus, bacteria were grown to an
A600 of 0.4 to 0.6, harvested by centrifugation at 7000 " g at 4 °C
for 15 min, washed three times with PBS, and resuspended to an
A600 of 40 in lysis buffer (50 mM Tris-HCl, 20 mM MgCl2, pH
7.5) supplemented with 30% raffinose. Cell wall proteins were
solubilized from S. aureus by incubation with lysostaphin (200
!g/ml) at 37 °C for 20 min in the presence of protease inhibitors
(Complete Mini; Roche Applied Science). Protoplasts were
recovered by centrifugation at 6000 " g for 20 min, and the
supernatants were taken as the wall fraction. The material was
adsorbed on IgG-Sepharose column to remove protein A and
subjected to SDS-PAGE and Western blotting incubating the
membrane with human FN (5 !g/ml) and a rabbit anti-FN anti-
body (2 !g/ml).

TABLE 4
Primers
F is forward, and R is reverse.

Primer Sequence (5!–3!)a 5!-Restriction site
rFnBPB(163–480) F CGGGGATCCGCATCGGAACAAAACAATAC BamHI
rFnBPB(163–480) R AATCCCGGGTTACTTTAGTTTATCTTTGCC SmaI
rFnBPB(163–308) F GGGGGATCCGGTACAGATGTAACAAATAAAG BamHI
rFnBPB(163–308) R CTCCCCGGGCTATTGAATATTAAATATTTTGCTAA SmaI
rFnBPB(309–480) F CCCGGATCCTATTTAGGTGGAGTTAGAGATAAT BamHI
rFnBPB(309–480) R AATCCCGGGTTACTTTAGTTTATCTTTGCCG SmaI

a Restriction sites used for cloning are underlined.
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Surface Plasmon Resonance Analysis of PLG Binding to
FnBPB(163– 480)—To estimate the affinity of the interaction
between PLG and FnBPB(163– 480), surface plasmon reso-
nance was conducted using a BIAcore X-100 instrument (GE
Healthcare). FnBPB(163– 480) was covalently immobilized on
dextran matrix CM5 sensor chip surface by using an
FnBPB(163– 480) solution (30 !g/ml in 50 mM sodium acetate
buffer, pH 5) in a 1:1 dilution with N-hydroxysuccinimide and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride. The excess of active groups on the dextran matrix was
blocked using 1 M ethanolamine, pH 8.5. On another flow cell,
the dextran matrix was treated as described above but without
any ligand to provide an uncoated reference flow cell. The run-
ning buffer used was PBS containing 0.005% (v/v) Tween 20. A
2-fold linear dilution series (0.078 –5 !M) of PLG in running
buffer was passed over the ligand at the flow rate of 10 !l/min,
and all the sensorgrams were recorded at 22 °C. Assay channel
data were subtracted from reference flow cell data. The
response units at steady state were plotted as a function of PLG
concentration and fitted to the Langmuir equation to yield the
KD of the PLG-FnBPB(163– 480) interaction.

Effect of Bacteria Bound PLG on the Cleavage of Chromogenic
Substrate S-2251 and Degradation of Human Fibrinogen—
S. aureus LAC (5 ! 107 cells) isolated from exponential phase
or L. lactis-expressing FnBPB were suspended in PBS and
immobilized onto microtiter wells at 37 °C overnight. After sev-
eral washings with PBST, the cells were incubated for 1 h with
human PLG (10 !g/well) in PBS at 37 °C. After washing with
PBST, bacterially bound PLG was activated by addition of
recombinant SAK (15 !g/ml) or 27 nM tPA, incubated with 0.6
mM chromogenic substrate S-2251 (H-D-valyl-L-leucyl-L-ly-
sine-p-nitroaniline dihydrochloride; Chromogenix), dissolved
in 100 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mg/ml
PEG 8000 for 8 h, and the reaction followed spectrophotometri-
cally at 415 nm.

Alternatively, surface-coated cells of S. aureus LAC or L. lactis
were incubated for 90 min at 37 °C with PLG (1 !g/well) diluted in
PBS. After several washings with PBST, FBG (10 !g/well) together
with tPA (27 nM) or rSAK (15 !g/ml) in 100 mM HEPES, pH 7.4,
100 mM NaCl, 1 mM EDTA, 1 mg/ml PEG 8000 were added to the
wells, and the mixtures were incubated at 22 °C for the indicated
times. The reaction was stopped by the addition of reducing sam-
ple buffer and boiling for 3 min. Thereafter, the samples were sep-
arated by 12.5% SDS-PAGE, and degradation of FBG was evalu-
ated by Coomassie Blue staining.

Statistical Methods—Continuous data were expressed as
means and standard deviations. Two group comparisons were
performed by Student’s t test. One-way analysis of variance,
followed by Bonferroni’s post hoc tests, was exploited for com-
parison of three or more groups. Analyses were performed
using Prism 4.0 (GraphPad). Two-tailed p values of 0.05 were
considered statistically significant.
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Fibronectin Binding Proteins SpsD and SpsL Both Support Invasion
of Canine Epithelial Cells by Staphylococcus pseudintermedius

Giampiero Pietrocola,a Valentina Gianotti,a Amy Richards,b Giulia Nobile,a Joan A. Geoghegan,c Simonetta Rindi,a Ian R. Monk,c

Andrea S. Bordt,d Timothy J. Foster,c J. Ross Fitzgerald,b Pietro Spezialea

Department of Molecular Medicine, Unit of Biochemistry, Pavia, Italya; The Roslin Institute and Edinburgh Infectious Diseases, University of Edinburgh, Easter Bush,
Midlothian, Scotland, United Kingdomb; Department of Microbiology, Moyne Institute of Preventive Medicine, Trinity College Dublin, Dublin, Irelandc; Center for
Infectious and Inflammatory Diseases, Texas A&M Health Science Center, Houston, Texas, USAd

In this study, we investigated the cell wall-anchored fibronectin-binding proteins SpsD and SpsL from the canine commensal
and pathogen Staphylococcus pseudintermedius for their role in promoting bacterial invasion of canine progenitor epidermal
keratinocytes (CPEK). Invasion was examined by the gentamicin protection assay and fluorescence microscopy. An !spsD !spsL
mutant of strain ED99 had a dramatically reduced capacity to invade CPEK monolayers, while no difference in the invasion level
was observed with single mutants. Lactococcus lactis transformed with plasmids expressing SpsD and SpsL promoted invasion,
showing that both proteins are important. Soluble fibronectin was required for invasion, and an RGD-containing peptide or an-
tibodies recognizing the integrin "5#1 markedly reduced invasion, suggesting an important role for the integrin in this process.
Src kinase inhibitors effectively blocked internalization, suggesting a functional role for the kinase in invasion. In order to iden-
tify the minimal fibronectin-binding region of SpsD and SpsL involved in the internalization process, recombinant fragments of
both proteins were produced. The SpsD520 – 846 and SpsL538 – 823 regions harboring the major fibronectin-binding sites inhibited
S. pseudintermedius internalization. Finally, the effects of staphylococcal invasion on the integrity of different cell lines were
examined. Because SpsD and SpsL are critical factors for adhesion and invasion, blocking these processes could provide a strat-
egy for future approaches to treating infections.

The Gram-positive bacterium Staphylococcus pseudintermedius
is a common commensal of dogs (1, 2). The bacterium is also

the most common pathogen associated with canine otitis externa
and pyoderma as well as surgical wound infections and urinary
tract infections (3). Sporadic cases of human infection have also
been reported, including some in individuals exposed to colo-
nized household pets (4–7). Genome sequence analysis (8, 9) in-
dicates that S. pseudintermedius could encode many potential vir-
ulence factors, including toxins, enzymes, and surface proteins,
some of which can promote adhesion of the bacterium to the
surface of epithelial cells (10–13) and to components of the extra-
cellular matrix (14, 15).

Two cell wall-anchored surface proteins that are likely to be
important in host tissue colonization and pathogenesis are SpsD
and SpsL (Fig. 1) (15). The primary translation product of SpsD
from strain ED99 has an N-terminal secretory signal sequence and
a C-terminal cell wall-anchoring domain (the sorting signal) com-
prising an LPXTG motif, a hydrophobic transmembrane domain,
and a short sequence rich in positively charged residues. Residues
at the N terminus of SpsD are 40% identical to the fibrinogen-
binding A domain of FnBPB from Staphylococcus aureus and are
predicted to fold into three subdomains: N1, N2, and N3. This
domain is followed by a connecting region, region C, and a repeat
region, region R. SpsL includes a signal sequence at the N terminus
followed by an A domain with two IgG-like folds (N2 and N3), a
domain containing seven tandem repeats with weak homology to
the fibronectin binding repeats of FnBPA from S. aureus, and a
C-terminal sorting signal.

SpsD and SpsL mediate bacterial adherence to fibrinogen (15)
and fibronectin (Fn) (15), while SpsD also binds to cytokeratin 10
and elastin (16). The binding site in fibrinogen for SpsD was
mapped to residues 395 to 411 in the !-chain, while a binding site

for SpsD in Fn was localized to the N-terminal region. SpsD also
binds to glycine- and serine-rich omega loops within the C-termi-
nal tail region of cytokeratin 10 (16).

Another important Sps protein involved in host colonization is
SpsO, which has been demonstrated to mediate adherence to ex
vivo canine keratinocytes (12). However, the host ligand(s) inter-
acting with SpsO remains to be determined (15).

The SpsO protein of S. pseudintermedius is also likely to be
involved in colonization of the canine host. It promotes adhesion
to ex vivo canine corneocytes, as does SpsD, although the ligand(s)
recognized by SpsO remains to be identified. Invasive bacteria
actively induce their own uptake by phagocytosis into normally
nonphagocytic cells, where they establish a protected niche within
which they can replicate (17). For example, S. aureus, usually con-
sidered an extracellular pathogen, can invade a variety of nonpro-
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fessional phagocytic cells, explaining its capacity to colonize mu-
cosa and its persistence in tissue after bacteremia. The underlying
major molecular mechanism of invasion involves the Fn-binding
adhesins FnBPA and FnBPB (18, 19). Fn bridging between FnBPs
and !5"1 integrins on the host cell surface is sufficient to induce
zipper-type uptake of staphylococci (18–20). The ternary complex
promotes integrin clustering and a relay of signals that result in
cytoskeletal rearrangements. The rearrangements are accompa-
nied by endocytosis of S. aureus and internalization (17).

In this study, we wished to investigate whether S. pseudinter-
medius shares with S. aureus the ability to invade nonprofessional
phagocytic cells and to determine the bacterial and host compo-
nents that are involved. We reasoned that both SpsD and SpsL
could be involved in the internalization of S. pseudintermedius by
host cells. The objective of this study was to investigate internal-
ization and its mechanistic basis. The analysis of this process will
provide insights into the potential of a vaccine comprising com-
ponents of SpsD and SpsL for the prevention of canine pyoderma.

MATERIALS AND METHODS
Bacterial strains and culture conditions. S. pseudintermedius strain ED99
(formerly M732/99) was isolated from a canine bacterial pyoderma case
presented to the Dermatology Service of The Hospital for Small Animals,
Division of Veterinary Clinical Sciences, The Royal (Dick) School of Vet-
erinary Studies, The University of Edinburgh. S. pseudintermedius strains
264, 324, 326, 327, 328, and 329 were isolated from cases of canine pyo-
derma and were a kind gift from Neil McEwan, University of Liverpool. S.
pseudintermedius strains 81852, 91180, 253834, 237425, and 235214/1
were isolated from cases of canine pyoderma and were donated from
Istituto Zooprofilattico Sperimentale della Lombardia e della Emilia Ro-
magna, Pavia, Italy. The strains were classified as S. pseudintermedius us-
ing standard phenotypic tests (21). S. pseudintermedius ED99 and its mu-
tants were grown in brain heart infusion (BHI) broth (VWR International
Srl, Milan, Italy) at 37°C with shaking. Transformants of Lactococcus lactis
harboring plasmid pOri23, pOri23::spsD, or pOri23::spsL (15) were
grown in M17 medium (Difco, Detroit, MI, USA) supplemented with
10% lactose, 0.5% glucose, and 10 #g ml$1 erythromycin at 30°C without
shaking. Escherichia coli DC10B (22) and TOPP3 (Stratagene, La Jolla,

CA) were grown in Luria agar (LA) and Luria broth (LB) (VWR Interna-
tional Srl).

Reagents, proteins, and antibodies. Human fibronectin was purified
from plasma by a combination of gelatin- and arginine-Sepharose affinity
chromatography. The purity of the protein was assessed by 7.5% SDS-
PAGE and Coomassie brilliant blue staining. To exclude the possibility of
trace amounts of contaminants, affinity-purified fibronectin was spotted
onto nitrocellulose membranes at different concentrations and overlaid
with antifibrinogen and antiplasminogen antibodies (23). The N-termi-
nal fragment of Fn (N29), containing the five N-terminal type I modules,
and the gelatin-binding domain (GBD), consisting of four type I modules
and two type II modules, were isolated as previously reported (24). Unless
stated otherwise, all reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The anti-human Fn rabbit polyclonal IgG was pur-
chased from Pierce (Rockford, IL, USA). The mouse monoclonal anti-
body JBS5 against the human integrin !5"1 was purchased from Merck-
Millipore (Darmstadt, Germany). The rabbit polyclonal antibody against
the !5 chain of the !5"1 integrin and the mouse monoclonal antibodies
BV7 against the human "1 chain and B212 against the human "3 chain of
the integrin !v"3 were a generous gift from G. Tarone (University of
Turin, Italy). Mouse polyclonal antibodies against region A of SpsD and
SpsL were prepared as previously reported (16).

DNA manipulation. DNA encoding regions SpsD164–523, SpsD520–846,
SpsD844 –960, SpsL220 –531, and SpsL538 – 823 were amplified by PCR using S.
pseudintermedius ED99 genomic DNA as the template. Oligonucleotides
were purchased from Integrated DNA Technologies (Leuven, Belgium)
(see Table S1 in the supplemental material). Restriction enzyme cleavage
sites (see Table S1) were incorporated at the 5= ends of the primers to
facilitate cloning into plasmid pQE30 (Qiagen, Chatsworth, CA, USA).
Restriction enzymes were purchased from New England BioLabs (Hert-
fordshire, United Kingdom). The integrity of cloned DNA was confirmed
by sequencing (Primmbiotech, Milan, Italy).

Expression and purification of recombinant proteins. Recombinant
proteins were expressed from pQE30 in E. coli TOPP3 (Stratagene). Over-
night starter cultures were diluted 1:50 in LB containing ampicillin (100
#g ml$1) and incubated with shaking until the culture reached an optical
density at 600 nm (OD600) of 0.4 to 0.6. Recombinant protein expression
was induced by addition of isopropyl 1-thio-"-D-galactopyranoside (0.5
mM) and continued for 2 h. Bacterial cells were harvested by centrifuga-

FIG 1 Schematic diagram of SpsD and SpsL proteins from S. pseudintermedius ED99. The A domain of SpsD spans residues 37 to 519 following the secretory
signal sequence (S), followed by a connecting domain (C; residues 520 to 866) and a repeat region (R). A sorting signal (SS; LPXTG motif, hydrophobic domain,
and positively charged residues) occurs at the extreme C terminus. SpsL includes a signal sequence (S) at the N terminus, followed by an A domain (residues 39
to 531), a domain containing seven tandem repeats (R; residues 543 to 818), and a C-terminal sorting signal (SS). The A domains of both proteins align with A
domains of the MSCRAMM family of S. aureus surface proteins, and each comprises three subdomains, N1, N2, and N3, with N2 and N3 being predicted to form
IgG-like folds. The A domains of SpsD and SpsL from ED99 have 30% identity and 50% similarity. The recombinant proteins are indicated, along with ability of
each truncated form to bind to fibronectin.
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tion and frozen at !80°C. Recombinant proteins were purified from cell
lysates by Ni2" affinity chromatography on a HiTrap chelating column
(GE Healthcare, Buckinghamshire, United Kingdom). Protein purity was
assessed to be 98% by SDS-PAGE, Coomassie brilliant blue staining, and
densitometric analysis.

ELISA-type solid-phase binding assays. The ability of immobilized
recombinant proteins to interact with soluble human Fn was determined
using enzyme-linked immunosorbent assays (ELISAs). Microtiter wells
were coated overnight at 4°C with 100 #l of 10 #g ml!1 of bacterial
protein in 50 mM sodium carbonate, pH 9.5. To block additional protein-
binding sites, the wells were treated for 1 h at 22°C with 200 #l of 2%
bovine serum albumin (BSA) in phosphate-buffered saline (PBS). The
plates were then incubated for 1 h with increasing amounts of Fn. One
microgram of the specific anti-Fn rabbit IgG (1:2,000) in PBS with 0.1%
BSA was added to the wells, followed by incubation for 90 min. After
washing, the plates were incubated for 1 h with peroxidase-conjugated
secondary anti-rabbit IgG diluted 1:1,000. After washing, o-phenylenedi-
amine dihydrochloride was added and the absorbance at 490 nm was
determined. To calculate the relative affinity association constant (KA)
values of each bacterial protein for Fn the following equation was em-
ployed: A $ Amax[L]KA/(1 " KA[L]), where [L] is the molar concentra-
tion of ligand. The dissociation constants (KD values) were calculated as
reciprocals of the KA values. The assays were performed at least 3 times for
each protein.

Construction of spsD- and spsL-null mutants. Allele replacement
mutagenesis of spsD and spsL was performed using the thermosensitive
plasmids pIMAY and pIMAY-Z (Table 1). For generation of the spsD-null
mutation, approximately 500-bp fragments of DNA flanking the gene
were PCR amplified using the AB and CD primers, spliced together, and
cloned into the blunt-end ligation pSC-B vector (StrataClone, Agilent
Technologies, Santa Clara, CA) before subcloning into pIMAY to produce
the pIMAY %spsD construct. The plasmid was transformed into E. coli
DC10B before being electrotransformed into S. pseudintermedius ED99 at
28°C with selection on 10 #g ml!1 chloramphenicol, as previously de-
scribed for S. aureus (25). For generation of the spsL-null mutation, a
sequence ligase-independent cloning (SLIC) protocol was performed (26)
using pIMAY-Z, a derivative of pIMAY with a constitutive lacZ marker, to
construct pIMAY-Z %spsL. Once the plasmids were transformed into
ED99 at 28°C, growth at the restrictive temperature of 37°C selected for
integrants. OUT primers, located outside the flanking regions and gene of
interest, were used to determine if integration had occurred upstream or
downstream of the chromosomal gene (22). A single colony from each site
of integration was inoculated into broth and grown at 28°C and then
diluted and grown at 37°C. The S. aureus antisense secY mechanism within
pIMAY (27) was nonfunctional in S. pseudintermedius, and the lacZ
marker was ineffective because plasmid-free cells expressed endogenous
&-galactosidase activity. Allele exchange was confirmed by using OUT
primer PCR and sequencing the resultant fragment (see Table S2 in the
supplemental material).

Release of surface proteins from S. pseudintermedius and L. lactis. S.
pseudintermedius and L. lactis cells were grown to an OD600 of 0.4 to 0.6.
Cells were harvested by centrifugation at 7,000 ' g at 4°C for 15 min,
washed 3 times with PBS, and resuspended at an OD600 of 40 in lysis buffer

(50 mM Tris-HCl, 20 mM MgCl2 [pH 7.5]) supplemented with 30%
raffinose. Cell wall proteins were solubilized from S. pseudintermedius by
incubation with lysostaphin (200 #g ml!1) and from L. lactis with muta-
nolysin (1,000 U/ml) and lysozyme (900 #g ml!1) at 37°C for 20 min in
the presence of protease inhibitors (Complete Mini; Roche Molecular
Biochemicals, Indianapolis, IN, USA). Protoplasts were recovered by cen-
trifugation at 6,000 ' g for 20 min, and the supernatants were taken as the
wall fractions. The material obtained from S. pseudintermedius ED99 and
its mutants was adsorbed on IgG-Sepharose columns before Western im-
munoblotting analysis to remove IgG-binding proteins that would other-
wise interfere with the specific antibody staining.

SDS-PAGE and Western immunoblotting. Samples for analysis by
SDS-PAGE were boiled for 5 min in sample buffer (0.125 M Tris-HCl, 4%
[wt/vol] SDS, 20% [vol/vol] glycerol, 10% [vol/vol] &-mercaptoethanol,
0.002% [wt/vol] bromophenol blue) and separated on 10% (wt/vol) poly-
acrylamide gels. The gels were stained with Coomassie brilliant blue (Bio-
Rad, Hercules, CA, USA). For Western immunoblotting, material was
subjected to SDS-PAGE and then electroblotted onto a nitrocellulose
membrane (GE Healthcare). The membrane was blocked overnight at 4°C
with 5% (wt/vol) skim milk in PBS, washed, and incubated with mouse
polyclonal antibody against region A of SpsD or SpsL (1 #g ml!1) for 1 h
at 22°C. Following additional washings with 0.5% (vol/vol) Tween 20 in
PBS (PBST), the membrane was incubated for 1 h with horseradish per-
oxidase-conjugated rabbit anti-mouse IgG. Finally, blots were developed
using the ECL Advance Western blotting detection kit (GE Healthcare)
and an ImageQuantTM LAS 4000 mini-biomolecular imager (GE Health-
care).

Mammalian cell lines and culture conditions. Canine progenitor
epidermal keratinocytes (CPEK) were cultured in CnT-0.9 medium
(CELLnTEC, Bern, Switzerland), without antibiotics at 37°C in 5%
CO2. The spontaneously immortalized keratinocytes (HaCaT) and the
human epithelial cell line HEp-2 were cultured in high-glucose Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco BRL, Rockville,
MD, USA) supplemented with 10% heat-inactivated fetal bovine se-
rum (FBS) (EuroClone, Milan, Italy), 2% penicillin and streptomycin,
2% sodium pyruvate, and 2% L-glutamine at 37°C in 5% CO2. Cells
were cultured in T75 flasks to approximately 95% confluence, liber-
ated with trypsin-EDTA (EuroClone), resuspended in invasion me-
dium (growth medium without antibiotics), and plated as reported
below for the cell invasion assay.

Cell invasion assay. Cell invasion assays were performed essentially as
described previously (28). Briefly, cells were plated at 5 ' 105 (in 0.4 ml
invasion medium) into 24-well plates (Corning) and allowed to attach for
24 h at 37°C. Staphylococcal cultures were grown overnight in BHI at 37°C
with shaking. L. lactis was grown overnight in M17 broth at 30°C without
shaking. The following day, cultures were diluted 1:40 in fresh BHI or M17
medium, respectively, grown to an OD600 of 0.4, washed 3 times in PBS,
and diluted to obtain 107 cells/ml in CnT-BM.2 medium supplemented
with 10% FBS plus 2 mM L-glutamine. Bacterial suspensions (1 ml) were
added to each well and the plates incubated for 2 h at 37°C. Monolayers
were then washed 3 times in PBS to remove unattached bacteria. Medium
containing antibiotics (200 #g ml!1 gentamicin plus 2% penicillin and
streptomycin) was added, and the plate was incubated for an additional 2
h to kill extracellular bacteria. The wells were washed again, and internal-
ized bacteria were released by incubating with 200 #l of H2O containing
0.1% (vol/vol) Triton X-100. Serial dilutions of the cell lysates were plated
in duplicate on BHI agar, and CFU were counted after incubation. All
assays were carried out in triplicate. Samples of monolayers were lysed
prior to inoculation and plated on BHI agar, and the absence of staphy-
lococcal colonies was noted.

Inhibition of invasion. The Src-family kinase inhibitors PP2, PP3,
and CGP77675 (25 #M) were dissolved in dimethyl sulfoxide (DMSO),
added to the cell medium at the appropriate concentrations, and prein-
cubated with monolayers for 1 h at 37°C in 5% CO2 before addition of
bacteria. Likewise, wortmannin (20 nM), genistein (200 #M), and cy-

TABLE 1 Plasmids used for the construction of spsD- and spsL-null
mutants

Plasmid Description Reference

pIMAY Thermosensitive plasmid for allelic
exchange

21

pIMAY %spsD pIMAY with fragments flanking spsD This paper
pIMAY-Z pIMAY derivative with a constitutive

lacZ marker
25

pIMAY-Z %spsL pIMAY-Z with fragments flanking spsL This paper
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tochalasin D (50 !M) were dissolved in PBS and incubated with cells for
60 min prior to the addition of bacteria. Gentamicin protection assays
were then performed as described above, except that no intermediate
washing was carried out. To test cell viability during exposure to the Src
inhibitors, the compounds were added to cell monolayers for 3 h at 37°C.
Then the cells were gently washed with DMEM, trypsinized, and mixed
with an equal volume of trypan blue (0.5% [vol/vol] in PBS) for 5 min.
Ten microliters of the mixture was placed on a Neubauer chamber, and
stained cells were counted by light microscopy. The percentage of dead
cells was calculated by dividing the mean number of dead (stained) cells by
the total number of cells in 50 microscopic fields and multiplying the
result by 100.

Fluorescence microscopy. Bacteria were grown to an OD600 of 0.3 (S.
pseudintermedius) or 0.4 (L. lactis), centrifuged, and resuspended in 100
!l PBS. Then, 0.5 !l 10 mM calcein-AM (Molecular Probes, Eugene, OR,
USA) was added and incubated for 1 h at 37°C (S. pseudintermedius) or 2
h at 30°C (L. lactis). Stained bacteria were washed 3 times with PBS and
resuspended in 1 ml PBS. Suspensions (100 !l) were added to CPEK
monolayers and incubated for 2 h at 37°C to allow internalization. Cells
were washed with PBS, counterstained for 1 to 3 min with ethidium bro-
mide (10 !g ml"1), and washed again. Fluorescence microscopy (Olym-
pus BX51; Olympus, Segrate, Italy) was performed using a green filter, a
red filter, and white light. Images were captured with a charge-coupled
device (CCD) camera and assembled using Adobe Photoshop Creative
Suite 2.

Staining of monolayers. Mammalian cells were stained with Giemsa
stain modified solution (Sigma) according to the manufacturer’s instruc-
tions and observed under a light microscope at a magnification of #20.

Invasion assays with formaldehyde-fixed staphylococci. To perform
invasion assays with killed bacteria, staphylococci were fixed in 0.5%
formaldehyde in PBS for 1 h, stained with calcein-AM, and subjected to
fluorescence microscopy. Alternatively, to analyze the effect of formalde-
hyde-fixed staphylococci on cell survival, monolayers were stained with
Giemsa and observed as reported above.

MTT assay. The MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide] tetrazolium reduction assay was performed ac-
cording to the manufacturer’s instructions (Sigma).

Statistical methods. Continuous data were expressed as means and
standard deviations. Two-group comparisons were performed by Stu-
dent’s t test. One-way analysis of variance, followed by Bonferroni’s post
hoc tests, was exploited for comparison of three or more groups. Analyses
were performed using Prism 4.0 (GraphPad). Two-tailed P values of 0.001
were considered statistically significant.

RESULTS
SpsD and SpsL binding to fibronectin. To localize the Fn-binding
sites in SpsD and SpsL, recombinant domains were obtained fol-
lowing PCR amplification of genomic DNA from strain ED99.
The cloned SpsD domains included the minimum fibrinogen-
binding region (residues 164 to 523) (SpsD164 –523), a connecting
region (region C, residues 520 to 846) (SpsD520 – 846), and a repeat
region (region R, residues 844 to 960) (SpsD844 –960). Two recom-
binant SpsL domains were expressed: the N-terminal region en-
compassing residues 220 to 531 (SpsL220 –531) and the repetitive
domain spanning residues 538 to 823 (SpsL538 – 823). As shown in
ELISA-type solid-phase binding assays (Fig. 2), recombinant
SpsD520 – 846 and SpsL538 – 823 regions bound Fn dose dependently
and saturably, while no binding was exhibited by SpsL220 –531 or
SpsD844 –960. SpsD520 – 846 and SpsL538 – 823 bound Fn in the low
nanomolar range (SpsD520 – 846 KD $ 1.7 % 0.38, SpsL538 – 823 KD $
0.81 % 0.02 nM), while SpsD164 –523 gave a half-maximal binding
of 2.19 % 0.47 !M (data not shown).

Invasion of mammalian cells by S. pseudintermedius. Several
S. pseudintermedius isolates were found to invade canine keratino-

cyte-derived CPEK. The magnitude of invasion was very similar to
or even higher than that of the archetypal invasive S. aureus strain
Cowan 1 (Fig. 3). Thus, invasion of CPEK is a general property of
S. pseudintermedius.

Requirement for fibronectin for efficient invasion by S.
pseudintermedius ED99. To investigate the role of soluble plas-
ma-derived Fn in invasion, FBS was passed over a gelatin-Sephar-
ose column to remove soluble Fn before being used in the invasion
assay. An 85% reduction in the level of invasion of CPEK was
observed when the Fn-depleted FBS was used in the invasion me-
dium compared to unadsorbed FBS. The addition of human Fn to
a final concentration of 1 !g ml"1 was sufficient to restore the
level of invasion to that observed in the presence of whole FBS
(Fig. 4A). This suggests that S. pseudintermedius strain ED99 can
use soluble plasma-derived Fn in the invasion process. Removal of
FBS from the assay reduced the invasion level by 95%, suggesting
that additional minor components in the FBS other than Fn might
contribute. However, although removal of Fn from the gelatin-
adsorbed FBS was shown by ELISA and Western blotting, residual
internalization can be due to trace amounts of Fn remaining in the
invasion medium.

When bacteria were preincubated with increasing amounts of
the N29 fragment of Fn and then tested for adherence to or inva-
sion of CPEK, we observed an almost complete inhibition of bac-
terial internalization. Conversely, no effect was observed when
the invasion assay was performed with a high concentration of the
GBD of Fn (Fig. 4B). Together, these findings indicate that the
N29 domain is specifically involved in adhesion to and invasion of
CPEK.

FIG 2 Dose-dependent binding of fibronectin to SpsD and SpsL fragments in an
ELISA-type assay. Microtiter wells were coated with SpsD520–846, SpsD844–960,
SpsL220–531, and SpsL538–823. The wells were probed with increasing amounts of
Fn, followed by incubation with rabbit anti-Fn IgG and horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG. The graph is representative of three ex-
periments, with each point representing the average for triplicate wells.
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Invasion of CPEK by ED99 mutants and L. lactis expressing
SpsD or SpsL. Mutants of S. pseudintermedius ED99 deficient in
SpsD and SpsL were tested for their ability to attach to surface-
coating Fn. Mutants defective in either SpsD or SpsL alone ad-
hered as well as the parental strain, while the double mutant de-
fective in both proteins did not bind at all (data not shown). The
absence of SpsD or SpsL proteins was confirmed by testing mate-
rial solubilized from the cell wall with lysostaphin by Western
blotting and probing with antibodies against region A of SpsD or
SpsL. Both the proteins were absent from the double mutant (Fig.
5A). Conversely, SpsL was expressed normally by the SpsD mu-
tant and vice versa.

The SpsD- and SpsL-defective mutants were also tested for
invasiveness. Single mutants retained the ability to invade CPEK
at the same level as the wild type, while the double mutant lacking
both SpsD and SpsL invaded at a much lower level (Fig. 5B).

In order to test whether coreceptors are required for SpsD- or
SpsL-mediated invasion, we expressed both S. pseudintermedius
proteins individually in Lactococcus lactis (Fig. 6A). Transfor-
mants of L. lactis carrying plasmid pOri23::spsD and pOri23::spsL
(Fig. 6A) showed invasiveness similar to that of the wild-type
strain ED99 (Fig. 5B), while very low internalization by CPEK was
observed with L. lactis harboring the empty plasmid (Fig. 6B).

Reduced invasion by the double mutant of ED99 was also as-
sessed by visualizing uptake into CPEK by fluorescent imaging.
Bacteria were stained with calcein-AM (green) prior to CPEK in-
vasion, and at the assay endpoint, the fluorescence of external
bacteria was visualized with ethidium bromide (red). As shown in
Fig. 5C, the wild type and the single mutant strains were observed

inside CPEK, while no green fluorescence, indicative of the inter-
nalized bacteria, was detected when the double mutant was tested.
L. lactis expressing SpsL or SpsD behaved similarly (Fig. 6C). To-
gether these results demonstrate that expression of a single adhe-
sin (SpsD or SpsL) is sufficient to confer efficient uptake of bacte-
ria into CPEK.

Localization of Sps domains promoting invasion of CPEK.
To identify the domains of SpsD and SpsL that are involved in
invasion, recombinant fragments were assessed for inhibition of S.
pseudintermedius ED99 uptake into CPEK. We found that
SpsD520 – 846 (Fig. 7A) and SpsL538 – 823 (Fig. 7B) strongly inhibited
internalization, whereas SpsD164 –523 showed a weak inhibitory ef-
fect. The inhibitory effects exhibited by these proteins correlate
with their affinities for fibronectin. SpsL220 – 631 and SpsD844 –960

used at the same concentrations did not interfere with staphylo-
coccal invasion.

Dependence of invasion on integrin !5"1. Immunofluores-

FIG 3 Invasion of CPEK monolayers by S. pseudintermedius strains. S. pseud-
intermedius cells were incubated with CPEK monolayers. Extracellular bacteria
were killed with gentamicin, and internalized bacteria were quantified by plat-
ing lysates on BHI agar. The assay was performed three times. Each point
represents the average value for three replicas, and error bars show the stan-
dard deviations (SD). Statistically significant (P ! 0.05; Student’s t test) dif-
ferences in values compared with the control value (S. aureus Cowan 1) are
indicated by an asterisk. The absence of intracellular bacteria in cell cultures
was established by lysing samples of the confluent monolayers and plating on
BHI agar prior to staphylococcal inoculation.

FIG 4 Role of soluble fibronectin on invasion by S. pseudintermedius. (A) To
evaluate the effect of endogenous fibronectin, the invasion assay was per-
formed in the presence of 10% FBS (a), 10% Fn-depleted FBS (b), and 10%
Fn-depleted FBS plus 1 "g/ml soluble human plasma Fn (c) and in the absence
of FBS (d). Bacteria were incubated with CPEK monolayers, and internalized
bacteria were quantified as described in the legend to Fig. 3. Invasion is ex-
pressed as a percentage of that observed in the presence of 10% whole FBS
(control; 2 # 105 CFU). Each point represents the average value for three
replicates, and error bars represent SD from three independent experiments
performed in triplicate. Statistically significant (P ! 0.01; Student’s t test)
differences in values compared with control value in the presence of FBS are
indicated by an asterisk. (B) To determine the effect of the N29 fragment,
staphylococci were incubated with increasing concentrations of N29 or 650
nM GBD for 30 min at 22°C. Bacteria were then added to CPEK monolayers
and incubated at 37°C for 2 h, and internalized bacteria were quantified as
described in the legend to Fig. 3. Invasion is expressed as a percentage of that
observed in the absence of inhibitors (control; 2.5 # 105 CFU). Values and
error bars represent means and SD from three independent experiments per-
formed in triplicate.
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cent antibodies that specifically bind to the !5 subunit of the hu-
man Fn-binding !5"1 integrin stained CPEK, suggesting that the
canine cells express an !5"1 integrin that is closely related to the
human integrin (Fig. 8A, inset). To test the role of the !5"1 integ-
rin in invasion, CPEK were preincubated with function-blocking
anti-!5"1 IgG prior to the addition of S. pseudintermedius. Anti-
bodies recognizing the !5 and the "1 chains both reduced inter-
nalization of S. pseudintermedius by more than 80%, whereas an-
tibodies against the "3 chain of the human !v"3 integrin did not
alter invasion (Fig. 8A). This indicates that the !5"1 integrin on
canine CPEK is responsible for Fn-mediated bacterial invasion.

Inhibition of invasion by an RGD-containing peptide. The
!5"1 integrin recognizes the tripeptide sequence RGD within the
cell-binding domain of Fn (29, 30). To investigate the role of this
interaction in invasion of S. pseudintermedius, the effect of the
RGDS peptide was analyzed. Incubation of CPEK with the RGDS
peptide reduced the level of invasion by strain ED99 in a dose-
dependent manner, while a control peptide RGES had no inhibi-
tory effect (Fig. 8B). This suggests that the interaction of !5"1 with
Fn is necessary for efficient invasion of CPEK.

Protein phosphorylation during S. pseudintermedius inva-
sion. To identify changes in host cell signaling associated with
staphylococcal invasion, the assay was performed in the presence
of protein tyrosine phosphorylation inhibitors. Genistein, a
tyrosine kinase inhibitor, strongly inhibited internalization,
whereas wortmannin, an inhibitor of the phosphatidylinositol-3-
phosphate kinase, did not (Fig. 8C). We also tested Src kinase

inhibitors and found that both CGP77675 and PP-2 inhibited S.
pseudintermedius internalization into CPEK. While both inhibi-
tors effectively blocked internalization, CGP77675 appeared to be
a more potent inhibitor than PP-2. PP-3, a compound similar to
PP-2 but with no significant Src inhibitory activity, had no effect
on internalization (Fig. 8C). At the concentrations used, the in-
hibitors did not affect bacterial adhesion to the CPEK or cause loss
of viability, as shown by trypan blue staining (data not shown). To
investigate a possible role for actin cytoskeleton rearrangements in
S. pseudintermedius invasion, we tested cytochalasin D, which in-
terferes with F-actin polymerization. Pretreatment of CPEK with
1 #g/ml cytochalasin D almost completely abolished invasion,
demonstrating the involvement of actin cytoskeletal rearrange-
ments (Fig. 8C).

Invasion of Hep-2 and HaCaT cell lines by S. pseudinterme-
dius. Human-derived Hep-2 and HaCaT cells were efficiently in-
vaded by S. pseudintermedius, and invasion was dependent on Sps
proteins. In addition, as reported for CPEK, internalization re-
quired the presence of Fn and involved the !5"1 integrin (see Fig.
S1 and S2 in the supplemental material).

Alterations to cell monolayers following internalization by
S. pseudintermedius. To investigate alterations to CPEK, Hep-2,
and HaCaT cells following S. pseudintermedius invasion, cell
monolayers were infected with S. pseudintermedius strain ED99
for 2 h prior to gentamicin treatment. Then the cells were incu-
bated for 4 h and 36 h, fixed, and analyzed for morphological
changes by light microscopy. A remarkable difference in mor-

FIG 5 Invasion of CPEK monolayers by S. pseudintermedius and its mutants. (A) Expression of SpsD and SpsL proteins. Cell wall proteins from the wild type and
mutants were solubilized with lysostaphin, separated by SDS-PAGE and analyzed by Western immunoblotting using mouse anti-SpsD or anti-SpsL and
HRP-labeled rabbit anti-mouse IgG. (B) S. pseudintermedius wild-type and the $spsD $spsL mutant were incubated with CPEK monolayers, and internalized
bacteria were quantified as described in the legend to Fig. 3. Bars and error bars show means and SD from three independent determinations performed in
triplicate. An asterisk indicates a significant difference (P % 0.05; Student’s t test) compared with the control (invasion with the wild-type strain). (C)
Fluorescence microscopy investigating the contribution of SpsD or SpsL to interactions with CPEK. Confluent CPEK monolayers were incubated with calcein-
AM-labeled S. pseudintermedius to allow internalization, washed with PBS, and counterstained with ethidium bromide. Green fluorescence represents intracel-
lular staphylococci, and red fluorescence represents extracellular bacteria. Bar, 40 #m.
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phology was observed between infected and uninfected cell
monolayers. Internalization of bacteria by CPEK caused cell de-
tachment and a reduction of the cell density (Fig. 9A). Incubation
of Hep-2 cells with strain ED99 for 36 h resulted in rounding and
detachment of the cells (see Fig. S3A in the supplemental mate-
rial). In contrast, HaCaT cells showed a pattern similar to that
exhibited by uninfected cells (see Fig. S3C).

The assessment of the cell growth and survival of infected cells by
the MTT assay showed that staphylococcal invasion substantially re-
duced the viability of CPEK (Fig. 9B) and Hep-2 (see Fig. S3B in the
supplemental material) cells, whereas HaCaT cells survived to a level
comparable to that of the uninfected cells (see Fig. S3D). To further
investigate the contribution of bacterial invasion to cell damage, all
the cell lines were incubated with the !spsD !spsL mutant. Both mor-
phological observations and MTT assays showed that the double mu-
tant did not affect the viability of cells.

DISCUSSION
In this study, we analyzed the molecular mechanism by which S.
pseudintermedius adheres to and invades canine keratinocytes
(CPEK) and the effects of internalization on the viability of the
mammalian cells. We found that all strains of S. pseudintermedius
tested invaded CPEK efficiently. Importantly, we found that both
the cell wall-anchored surface proteins SpsD and SpsL efficiently
promoted invasion of strain ED99. Single mutants defective in
either SpsD or SpsL alone showed no reduction in invasion. Only
the double mutant lacking both proteins was defective. Con-
versely, both SpsD and SpsL promoted efficient uptake of the non-

invasive surrogate host L. lactis when expressed ectopically from
recombinant plasmids. Subdomains within SpsD and SpsL were
expressed as recombinant proteins, which allowed identification
of regions with a high affinity for Fn and which also strongly in-
hibited bacterial invasion. Invasion of CPEK was dependent on
the presence of Fn, as demonstrated by the markedly reduced
uptake upon removal of Fn from the cell culture medium (fetal
bovine serum) and the restoration of invasion by supplementa-
tion with purified human Fn. We recognize the limitation of using
human and bovine Fn to assess the role of this protein in bacterial
invasion of a canine cell line. However, it should be noted that
there is a high level of similarity between human, bovine, and
canine Fn (93 to 94% identity, 98% similarity), so that the use of
human or bovine Fn is valid.

In S. aureus Fn-binding proteins FnBPA and FnBPB both pro-
mote invasion of mammalian cells, where Fn acts as a bridge be-
tween the bacterial surface protein which binds to the N-terminal
N29 domain by the tandem " zipper mechanism and the #5"1

integrin, which recognizes an RGD motif within C-terminal re-
peat 10 of Fn (18, 31). The finding that the N-terminal region of
Fn and an RGD-containing peptide inhibited S. pseudintermedius
invasion of CPEK strongly suggests that the same mechanism is
employed and involves the Fn binding domains of SpsD and SpsL.
Inhibition of invasion of CPEK by monoclonal antibodies recog-
nizing epitopes in the human #5"1 integrin strongly suggests that
the canine CPEK express an immuno-cross-reactive integrin that
is responsible for bacterial adhesion and invasion.

FIG 6 Invasion of CPEK monolayers by L. lactis. (A) Expression of SpsD and SpsL by L. lactis. Cell wall proteins were solubilized with mutanolysin and
lysostaphin, separated by SDS-PAGE, and analyzed by Western immunoblotting using mouse anti-SpsD or anti-SpsL as the primary antibody and HRP-labeled
rabbit anti-mouse IgG. (B) CPEK invasion by L. lactis expressing SpsD or SpsL. L. lactis were incubated with CPEK monolayers, and internalized bacteria were
measured as indicated above. Error bars show SD of the means from three independent determinations performed in triplicate. An asterisk indicates a significant
difference (P $ 0.05; Student’s t test) compared with L. lactis pOri23::spsD or pOri23::spsL. (C) Fluorescent imaging investigating the contribution of SpsD or
SpsL to interactions with CPEK monolayers. Confluent CPEK monolayers were incubated with calcein-AM-labeled L. lactis to allow internalization. Fluores-
cence was visualized as in Fig. 5. Bar, 40 %m.
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The Fn bridging mechanism for attachment to and invasion of
mammalian cells results from integrin-initiated actin polymeriza-
tion stimulated by receptor clustering and cell signaling events
involving Src (32, 33). Here, invasion of S. pseudintermedius was
strongly reduced by the Src-specific inhibitors CGP77675 and
PP-2, implying that similar mechanisms are responsible. Similar
results were obtained when human Hep-2 epithelial cells and
HaCaT keratinocytes were tested for invasion by S. pseudinterme-
dius ED99. However, certain differences were observed compared
to invasion of CPEK. A 10-fold-smaller inoculum was needed for
efficient invasion of Hep-2 cells than for HaCaT and CPEK. We
speculate that the differences in invasion efficiencies might be due
to variations in the density of the !5"1 integrins, although other
factors could be involved. Together, these data demonstrate that S.
pseudintermedius employs a mechanism of host cell invasion sim-
ilar to that used by S. aureus that involves bacterial surface pro-
teins binding to Fn and uptake mediated by integrin !5"1.

Invasion of CPEK and Hep-2 cells resulted in cells detaching
and losing viability, whereas HaCaT cells remain unchanged.
Thus, in the first two cell lines, invasion by S. pseudintermedius
triggers a reduction in cell viability. Formaldehyde-killed bacterial
cells were actively internalized by the mammalian cells, suggesting
that no active expression of invasion-promoting factors was nec-
essary to achieve invasion. Conversely, the lack of effects on host
cell survival by killed bacterial cells indicates that additional fac-
tors such as secreted toxins are required to induce cell death.

Membrane-damaging toxins that are expressed by intracellular
S. aureus are major factors in promoting apoptosis (34). S. pseud-

FIG 7 Effect of SpsD and SpsL fragments on invasion of CPEK by S. pseudin-
termedius. CPEK monolayers were incubated with increasing concentrations
of SpsD164 –523, SpsD520 – 846, or SpsD844 –960 (A) or SpsL220 –531 or SpsL538 – 823

(B) prior to addition of bacteria. Invasion is expressed as a percentage of that
observed in the absence of potential inhibitors (control; 2.2 # 105 CFU). Error
bars show SD of the means from three independent determinations performed
in triplicate. Statistically significant differences are indicated (Student’s two-
tailed t test; *, P $ 0.05; **, P $ 0.001).

FIG 8 (A) Effect of antiintegrin antibodies on invasion of CPEK by S. pseud-
intermedius. CPEK monolayers were incubated with antibodies against !5"1

and !v"3 integrins prior to the addition of bacteria. After incubation, inter-
nalized bacteria were quantified as described above. Invasion is expressed as a
percentage of that observed in the absence of antibodies (control; 2.8 # 105

CFU). Bars and error bars represent the means and SD from three independent
determinations performed in triplicate. Statistically significant differences are
indicated (Student’s two-tailed t test; *, P $ 0.05). The inset shows expression
of !5"1 integrin by CPEK by staining with immunofluorescent antibodies that
specifically bind to the !5 subunit of the !5"1 integrin. Bar, 40 %m. (B) Effect
of an RGD-containing peptide on invasion of CPEK by S. pseudintermedius.
CPEK were incubated with increasing concentrations of the RGDS or RGES
peptide prior to addition of bacteria. After incubation, internalized bacteria
were quantified as described above. Invasion is expressed as a percentage of
that observed in the absence of peptides (control; 2.3 # 105 CFU). Values are
means from three independent determinations performed in triplicate. (C)
Effect of kinase inhibitors on invasion of CPEK by S. pseudintermedius. CPEK
were exposed to genistein, CGP77675, PP2, PP3, wortmannin, and cytochala-
sin D for 1 h before addition of bacteria. Invasion assays were performed on
inhibitor-treated cells three times with similar results. Invasion is expressed as
a percentage of that observed in the absence of inhibitors (control; 2.1 # 105

CFU). Bars and error bars represent the means and SD from three independent
determinations performed in triplicate. Statistically significant differences are
indicated (Student’s two-tailed t test; *, P $ 0.05; **, P $ 0.001).
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intermedius has the potential to express a bicomponent leuko-
toxin, Luk-I, which is similar to the Panton-Valentine leucocidin
(PVL) of S. aureus (35), as well as a homologue of !-toxin and a
putative hemolysin (hemolysin III) (8). It can be hypothesized
that at least one of these factors is responsible for inducing cell
death in CPEK. Indeed, PVL facilitates escape of S. aureus from
human keratinocyte endosomes and induces apoptosis (34),
which might indicate a role here for Luk-I. Studies with mutants
lacking one or more of the toxins will help clarify this point.

The initiation of the skin infection canine pyoderma is proba-
bly related to the ability of S. pseudintermedius to adhere to cor-
neocytes on the surface of the stratum corneum as well as to in-
vade the underlying keratinocytes. S. pseudintermedius adheres
more strongly to corneocytes from regions of inflamed skin of
dogs with atopic dermatitis than to noninflamed areas, suggesting
that ligands for bacterial surface protein adhesins are present at
higher levels (36). Both SpsD and SpsO mediate bacterial adher-
ence to canine corneocytes, but the host ligands involved are not
known (12). In addition, fibronectin is present in the stratum
corneum of atopic human skin, where it could provide an abun-
dant ligand, whereas it was not detected in healthy skin (37). Thus,
Fn could promote colonization of the stratum corneum as well as
invasion of keratinocytes.

In conclusion, we have identified and characterized two fi-
bronectin-binding proteins of S. pseudintermedius which are re-
quired for adhesion to and invasion of keratinocytes. An appro-
priate animal model will be required to assess the significance of
SpsD and SpsL in the pathogenesis of canine pyoderma and to
establish whether these antigens are suitable candidates for a mul-
ticomponent vaccine to combat the disease.
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